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(57) ABSTRACT

Provided herein are integrated circuits for use in performing
analyte measurements and methods of fabricating the same.
Such arrays may be employed to detect a presence and/or
concentration changes of various analyte types in chemical
and/or biological processes, including DNA hybridization
and/or sequencing reactions. The methods for fabricating the
integrated circuits include steps of depositing an insulating
layer on a semiconducting substrate, and forming trenches in
the insulating dielectric layer. Conductive material may be
deposited in the trenches to form electrodes, and the insu-
lating layer may be conditioned so that the electrodes
protrude above the insulating layer. A 2D material, such as
graphene, may be deposited on to electrodes to form a
channel between the electrodes.
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GRAPHENE FET DEVICES, SYSTEMS, AND
METHODS OF USING THE SAME FOR
SEQUENCING NUCLEIC ACIDS

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This Divisional application claims the benefit of
priority to U.S. Continuation in part application Ser. No.
15/225,764, filed Aug. 1, 2016, which claims the benefit of
priority to U.S. Provisional Application Ser. No. 62/199,956,
filed on Jul. 31, 2015 and U.S. Provisional Application Ser.
No. 62/199,987, filed on Aug. 1, 2015. This application is a
continuation in part of U.S. application Ser. No. 15/065,744,
filed on Mar. 9, 2016, which in turn claims benefit of U.S.
Provisional Application Ser. No. 62/130,598, filed on Mar. 9,
2015; U.S. Provisional Application Ser. No. 62/130,594,
filed on Mar. 9, 2015; U.S. Provisional Application Ser. No.
62/130,601, filed on Mar. 9, 2015; U.S. Provisional Appli-
cation Ser. No. 62/130,621, filed on Mar. 10, 2015; U.S.
application Ser. No. 15/065,744 is a continuation in part of
U.S. application Ser. No. 14/963,253, filed on Dec. 9, 2015,
which in turn claims benefit of U.S. Provisional Application
Ser. No. 62/094,016, filed on Dec. 18, 2014; U.S. Provi-
sional Application Ser. No. 62/130,594, filed on Mar. 9,
2015; U.S. Provisional Application Ser. No. 62/199,987,
filed on Aug. 1, 2015; and U.S. Provisional Application Ser.
No. 62/206,228, filed on Aug. 17, 2015. This application is
a continuation in part of U.S. application Ser. No. 15/182,
533, filed on Jun. 14, 2016, which in turn claims benefit of
U.S. Provisional Application Ser. No. 62/175,351, filed on
Jun. 14, 2015. This Divisional application claims the benefit
of priority to U.S. Continuation in part application Ser. No.
15/225,764, filed Aug. 1, 2016, which claims the benefit of
priority to U.S. application Ser. No. 14/963,253, filed on
Dec. 9, 2015, which in turn claims benefit of U.S. Provi-
sional Application Ser. No. 62/094,016, filed on Dec. 18,
2014; U.S. Provisional Application Ser. No. 62/130,594,
filed on Mar. 9, 2015; U.S. Provisional Application Ser. No.
62/199,987, filed on Aug. 1, 2015; and U.S. Provisional
Application Ser. No. 62/206,228, filed on Aug. 17, 2015, the
disclosures of which are incorporated herein in their entirety.

FIELD OF THE DISCLOSURE

[0002] The present disclosure relates, generally, to field
effect transistors, such as integrated field-effect devices,
systems including the devices, and methods of using the
same for the analysis of biological and/or chemical materi-
als, such as for molecular, e.g., nucleic acid, analysis and/or
sequencing. More specifically, the present disclosure relates
to field effect transistors having a reaction layer that includes
one or two-dimensional materials associated therewith.

BACKGROUND TO THE DISCLOSURE

[0003] The sequencing of Nucleic Acids, such as deoxy-
ribonucleic acid (DNA) or Ribonucleic acid (RNA), is a
fundamental part of biological discovery. Such sequencing
and/or the detection of the same is useful for a variety of
purposes and is often used in scientific research, as well as
medical advancement. For instance, the genomics and bio-
informatics fields are concerned with the application of
information technology and computer science to the field of
molecular biology. In particular, bioinformatics techniques
can be applied to process and analyze various genomic data,
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such as from an individual so as to determine quantitative
and qualitative information about that data that can then be
used by various practitioners in the development of diag-
nostic, prophylactic, and/or therapeutic methods for detect-
ing, preventing, or at least ameliorating diseased states, and
thus, improving the safety, quality, and effectiveness of
health care. The need for such diagnostic, therapeutic, and
prophylactic advancements have led to a high demand for
low-cost sequencing, which in turn has driven the develop-
ment of high-throughput sequencing, termed as Next gen-
eration sequencing (NGS).

[0004] Generally, the approach to DNA and/or RNA
analysis, such as for genetic diagnostics and/or sequencing,
involves nucleic acid hybridization and detection. For
example, various typical hybridization and detection
approaches include the following steps. Particularly, for
genetic analysis, a DNA or RNA sample of a subject to be
analyzed may be isolated and immobilized on a substrate. In
such instances, the immobilized genetic material acts as a
template for new nucleic acid synthesis. A probe of a known
sequence identity, e.g., a disease marker, may be labeled and
washed across the substrate. If the disease marker is present,
a binding event will occur, e.g., hybridization, and because
the probe has been labeled the hybridization event may
either be or not be detected thereby indicating the presence
or absence of the disease marker in the subject’s sample.
[0005] For DNA sequencing, first, an unknown nucleic
acid sequence to be identified, e.g., a single-stranded
sequence of DNA of a subject, composed of a combination
of unknown nucleotides, e.g., As, Cs, Gs, and Ts, is isolated,
amplified, and immobilized on the substrate. Next, a known
nucleotide labeled with an identifiable tag is contacted with
the unknown nucleic acid sequence in the presence of a
polymerase. When hybridization occurs, the labeled nucleo-
tide binds to its complementary base in the unknown
sequence immobilized on the surface of the substrate. The
binding event can then be detected, e.g., optically or elec-
trically. These steps are then repeated until the entire DNA
sample has been completely sequenced, e.g., sequencing by
synthesis. Typically, these steps are performed by a Next
Gen Sequencer wherein thousands to millions of sequences
may concurrently be produced in the next-generation
sequencing process.

[0006] For example, a central challenge in DNA sequenc-
ing is assembling full-length genomic sequence data, e.g., of
chromosomal sequences, from a sample of genetic material
obtained from a subject. Particularly, such assembling
includes one or more genomic analysis protocols, such as
employing a mapping and/or an aligning algorithm, and
involves mapping and aligning a fragment of identified
sample sequence to a reference genome, yielding sequence
data in a format that can be compared to a reference genomic
sequence, such as to determine the variants in the sampled
full-length genomic sequences. In particular, the methods
employed in sequencing protocols do not produce full-
length chromosomal sequences of the sample DNA.
[0007] Rather, in a typical sequencing protocol, sequence
fragments, typically from 100-1,000 nucleotides in length,
are produced without any indication as to where in the
genome they map and align. Therefore, in order to generate
full-length chromosomal genomic constructs, or determine
their variance with respect to a reference genomic sequence,
these fragments of DNA sequences need to be mapped,
aligned, merged, and/or compared to the reference genomic



US 2018/0315750 Al

sequence. Through such processes the variants of the sample
genomic sequences from the reference genomic sequences
may be determined.

[0008] However, as the human genome is comprised of
approximately 3.1 billion base pairs, and as each sequence
fragment is typically only from about 100 to 500 to 1,000
nucleotides in length, the time and effort that goes into
building such full length genomic sequences and determin-
ing the variants therein is quite extensive, often requiring the
use of several different computer resources applying several
different algorithms over prolonged periods of time. In a
particular instance, thousands to millions of fragments or
even billions of DNA sequences are generated, mapped,
aligned, and merged in order to construct a genomic
sequence that approximates a chromosome in length. A step
in this process may include comparing the sequenced DNA
fragments to a reference sequence so as to determine where
in the genome the fragments align.

[0009] In such instances, the raw genetic material must be
processed so as to derive usable genetic sequence data
therefrom. This processing may be done manually or via an
automated sequencer. Typically, such processing involves
obtaining a biological sample from a subject, such as
through venipuncture, hair, etc. and treating the sample to
isolate the DNA therefrom. Once isolated the DNA may be
denatured, strand separated, and/or portions of the DNA may
then be multiplied, e.g., via polymerase chain reaction
(PCR), so as to build a library of replicated strands that are
now ready to be sequenced, e.g., read, such as by an
automated sequencer, which sequencer is configured to
“read” the replicate strands, e.g., by synthesis, and thereby
determine the nucleotide sequences that makes up the DNA.
Further, in various instances, such as in building the library
of replicated strands, it may be useful to provide for over-
coverage when preprocessing a given portion of the DNA.
To perform this over-coverage, e.g., using PCR, may require
increased sample preparation resources and time, and there-
fore be more expensive, but it often gives an enhanced
probability of the end result being more accurate.

[0010] More particularly, once the library of replicated
strands has been generated they may be injected into an
automated sequencer that may then “read” the strands, such
as by synthesis, so as to determine the nucleotide sequences
thereof. For instance, the replicated single stranded DNA
may be attached to a glass bead and inserted into a test
vessel, e.g., an array. All the necessary components for
replicating its complementary strand, including labeled
nucleotides, are also added to the vessel but in a sequential
fashion. For example, all labeled “A”, “C”, “G”, and “T’s”
are added, either one at a time or all together to see which
of'the nucleotides is going to bind at position one. After each
addition a light, e.g., a laser, is shone on the array. If the
composition fluoresces then an image is produced indicating
which nucleotide bound to the subject location. More par-
ticularly, where the nucleotides are added one at a time, if a
binding event occurs, then its indicative fluorescence will be
observed. If a binding event does not occur, the test vessel
may be washed and the procedure repeated until the appro-
priate one of the four nucleotides binds to its complement at
the subject location, and its indicative fluorescence is
observed. Where all four nucleotides are added at the same
time, each may be labeled with a different fluorescent
indicator, and the nucleotide that binds to its complement at
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the subject position may be determined, such as by the color
of its fluorescence. This greatly accelerates the synthesis
process.

[0011] Once a binding event has occurred, the complex is
then washed and the synthesis steps are repeated for position
two. For example, a marked nucleotide “A” may be added
to the mix to determine if the complement at the position is
a “T”, and if so, all the sequences having that complement
will bind to the labeled “T” and will therefore fluoresce, and
the samples will all be washed. Where the binding happened
the bound nucleotide is not washed away, and then this will
be repeated for all positions until all the over-sampled
nucleic acid segments, e.g., reads, have been sequenced and
the data collected. Alternatively, where all four nucleotides
are added at the same time, each labeled with a different
fluorescent indicator, only one nucleotide will bind to its
complement at the subject position, and the others will be
washed away, such that after the vessel has been washed, a
laser may be shone on the vessel and which nucleotide
bound to its complement may be determined, such as by the
color of its fluorescence. This continues until the entire
strand has been replicated in the vessel.

[0012] A typical length of a sequence replicated in this
manner is from about 100 to about 500 base pairs, such as
between 150 to about 400 base pairs, including from about
200 to about 350 base pairs, such as about 250 base pairs to
about 300 base pairs dependent on the sequencing protocol
being employed. Further, the length of these segments may
be predetermined, e.g., engineered, to accord with any
particular sequencing machinery and/or protocol by which it
is run. The end result is a readout, or read, that is comprised
of a replicated DNA segment, e.g., from about 100 to about
1,000 nucleotides in length, that has been labeled in such a
manner that every nucleotide in the sequence, e.g., read, is
known because of its label. Hence, since the human genome
is comprised of about 3.1 billion base pairs, and various
known sequencing protocols usually result in labeled repli-
cated sequences, e.g., reads, from about 100 or 101 bases to
about 250 or about 300 or about 400 bases, the total amount
of segments that need to be sequenced, and consequently the
total number of reads generated, can be anywhere from
about 10,000,000 to about 40,000,000, such as about 15,000,
000 to about 30,000,000, dependent on how long the label
replicated sequences are. Therefore, the sequencer may
typically generate about 30,000,000 reads, such as where the
read length is 100 nucleotides in length, so as to cover the
genome once.

[0013] However, in part, due to the need for the use of
optically detectable, e.g., fluorescent, labels in the sequenc-
ing reactions being performed, the required instrumentation
for performing such high throughput sequencing is bulky,
costly, and not portable. For this reason, a number of new
approaches for direct, label-free detection of DNA hybrid-
ization reactions have been proposed. For instance, among
the new approaches are detection methods that are based on
the use of various electronic analytic devices. Such direct
electronic detection methods have several advantages over
the typical NGS platform. For example, the detector may be
incorporated in the substrate itself, such as employing a
biosystem-on-a-chip device, such as a complementary metal
oxide semiconductor device, “CMOS”. More particularly, in
using a CMOS device in genetic detection, the output signal
representative of a hybridization event can be directly
acquired and processed on a microchip. In such an instance,
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automatic recognition is theoretically achievable in real time
and at a lower cost than is currently achievable using NGS
processing. Moreover, standard CMOS devices may be
employed for such electronic detection making the process
simple, inexpensive, and portable.

[0014] However, in order for next-generation sequencing
to become widely used as a diagnostic in the healthcare
industry, sequencing instrumentation will need to be mass
produced with a high degree of quality and economy. One
way to achieve this is to recast DNA sequencing in a format
that fully leverages the manufacturing base created for
computer chips, such as complementary metal oxide semi-
conductor (CMOS) chip fabrication, which is the current
pinnacle of large scale, high quality, low-cost manufacturing
of high technology. To achieve this, ideally the entire
sensory apparatus of the sequencer could be embodied in a
standard semiconductor chip, manufactured in the same fab
facilities used for logic and memory chips. Recently, such a
sequencing chip, and the associated sequencing platform,
has been developed and commercialized by Ion Torrent, a
division of Thermo-Fisher, Inc. The promise of this idea has
not been realized commercially due to the fundamental
limits of applying a metal oxide semiconductor field effect
transistor, or MOSFET, as a biosensor. When a MOSFET is
used in solution as a biosensor, it is referred to as an ISFET.
A particular limitation, however, includes a lack of sensor
sensitivity and signal to noise characteristics as the semi-
conductor node scales down to lower geometries of the
transistor (gate length).

[0015] More particularly, a field effect transistor, FET,
typically includes a source electrode and a drain electrode
together forming a gate, and further including a channel
region connecting the source and drain electrodes. The FET
may also include an insulating barrier separating the gate
from the channel. The operation of a conventional FET relies
on the control of the channel conductivity, and thus the drain
current, by a voltage, VGS, applied between the gate and
source. For high-speed applications, and for the purposes of
increasing sensor sensitivity, FETs should respond quickly
to variations in VGS. However, this requires short gates and
fast carriers in the channel.

[0016] Unfortunately, FETs with short gates frequently
suffer from degraded electrostatics and other problems (col-
lectively known as short channel effects), such as threshold-
voltage roll-off, drain-induced barrier lowering, and
impaired drain-current saturation, results in a decrease in
sensor sensitivity. However, scaling theory predicts that a
FET with a thin barrier and a thin gate-controlled region
(measured in the vertical direction) will be robust against
short-channel effects down to very short gate lengths (mea-
sured in the horizontal direction). Nevertheless, these effects
make the use of such technologies difficult to employ in
sequencing reactions.

[0017] Accordingly, the possibility of having channels that
are very thin in the vertical dimension would allow for
high-speed transmission of carriers as well as for increased
sensor sensitivity and accuracy. What is needed, therefore, is
a FET device that is configured in such a manner as to
include a shorter gate than is currently achievable in present
FET applications, which will allow such technologies to be
fully deployed in sequencing reactions. Hence, a solution
that includes such a FET device designed for use in bio-
logical applications, such as for nucleic acid sequencing
and/or genetic diagnostics would especially be beneficial.
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SUMMARY OF THE DISCLOSURE

[0018] Provided herein are devices, systems, and methods
of employing the same for the performance of genomics
and/or bioinformatics analysis. The devices, systems, and
methods of the disclosure are directed in part to field effect
transistor (FET) sensors, integrated circuits, and arrays
employing the same for analyte measurements. The present
FET sensors, arrays, and integrated circuits may be fabri-
cated using conventional CMOS processing techniques
based on improved FET sensor and array designs that
increase measurement sensitivity and accuracy, and at the
same time facilitate significantly small sensor sizes and
dense gFET sensor based arrays. Particularly, improved
fabrication techniques, as well as improved sensor devices,
and their use, employing one dimensional (1D) or two
dimensional (2D) reaction layers and/or having a three-
dimensional (3D) structured layer incorporated therein, pro-
vide for rapid data acquisition from small sensors to large,
including dense arrays of sensors.

[0019] Such arrays may be fabricated, as described herein,
and employed to detect the presence of an analyte, changes
in analyte concentration, and/or the identity of various
analyte types in a wide variety of chemical and/or biological
processes, including DNA hybridization and/or sequencing
reactions. More particularly, presented herein are FET based
sensor arrays that have been configured to facilitate DNA
hybridization and sequencing techniques, as well as the
resultant detection of the same, which take place proximate
a reaction zone that has been adapted to include a 1D or 2D
or 3D surface element. Specifically, in various embodi-
ments, complementary metal oxide semiconductor (CMOS)
field effect transistor (FET) devices are provided, where the
devices include a plurality of reaction zones that have been
adapted to have a 1D or 2D surface characteristic associated
therewith so as to decrease sensor length at the same time as
increasing sensor sensitivity. Further, in various instances, a
3D structural layer may be included, such as to extend the
vertical dimension of the reaction zone. In such instances,
the devices may include a number of reaction zones that
have been configured to receive a solution containing one or
more reactants that when conditions are such to favor a
reaction result in a detectable product.

[0020] Accordingly, presented herein are improved bio-
chemical sensor devices that are configured for detecting
changes in a gate region and/or solution that result from the
occurrence of a binding event between two reactants proxi-
mate a reaction zone of the device, such as within the gate
region. In particular instances, the detectable changes may
be based on monitoring fluctuations in hydrogen ion con-
centration (pH), variations in analyte concentration, and/or
binding events associated with chemical processes relating
to DNA synthesis, such as within a gated reaction chamber
of'a 1D or 2D or 3D based biosensor chip. More specifically,
the present disclosure is at least in part directed to a
chemically-sensitive field-effect transistor for analysis of
biological or chemical materials that solves many of the
current problems associated with nucleic acid sequencing
and genetic diagnostics. Methods of fabricating such devices
as well as their use in the performance of biochemical
reactions are also provided.

[0021] For instance, in one aspect of the present disclo-
sure, a chemically-sensitive transistor, such as a field effect
transistor (FET) that is fabricated on a primary structure,
such as a wafer, e.g., a silicon wafer, is provided. In various
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instances, the primary structure may include one or more
additional structures, for instance, in a stacked configura-
tion, such as including at least an insulator material layer.
For example, the primary structure may include a secondary
structure, such as composed of an insulator material, which
may be included on top of, or otherwise be associated with,
the primary structure, and may be an inorganic material,
such as a silicon oxide, e.g., a silicon dioxide, or a silicon
nitride, or an organic material, such as a polyimide, BCB, or
other like material.

[0022] The secondary structure and/or insulator layer may
include a further structure containing one or more of a
conductive source and/or a conductive drain, such as sepa-
rated one from another by a space, and embedded in the
primary and/or secondary structure materials and/or may be
planar with a top surface of the insulator. In various
instances, the structures may further include a processor,
such as for processing generated data, such as sensor-
derived data. Accordingly, the structures may be configured
as, or otherwise include, an integrated circuit, and/or may be
an ASIC, a structured ASIC, or an FPGA. In particular
instances, the structures may be configured as a comple-
mentary metal-oxide semiconductor (CMOS), which in turn
may be configured as a chemically-sensitive FET containing
one or more of a conductive source, a conductive drain, a
gate, and/or a processor. For instance, the FET may include
a CMOS configuration having an integrated circuit that is
fabricated on a silicon wafer, which may further be adapted
to include an insulator layer. In such an instance, the
insulator layer may include the conductive source and drain
such as where the source and drain are composed of metal,
such as a damascene copper source and a damascene copper
drain.

[0023] In various instances, one or more of the structures
may include a surface, e.g., a top surface, which surface may
include a channel, such as where the surface and/or channel
may be configured to extend from the conductive source to
the conductive drain. An exemplary length of the surface
and/or channel from the source to the drain may range from
about 0.001 microns to about 10 microns, such as from about
0.01 microns to about 5 microns, for instance, from about
0.05 micron to 3 microns, including about 0.1 or about 0.5
microns to about 1 or about 1.5 or about 2 microns in the
horizontal and/or vertical directions. An exemplary width of
the surface and/or channel from side to side may range from
about 0.001 microns to about 10 microns, such as from about
0.01 microns to about 5 microns, for instance, from about
0.05 microns to 3 microns, including about 0.1 or 0.5
microns to about 1 or about 1.5 or about 2 microns.

[0024] Particularly, in particular instances, it may be use-
ful to maximize conductance, such as by decreasing the
channel length, so as to increase the sensitivity of the
sensors, such as in a sensor array. For instance, to achieve
enhanced transistor transconductance, the channel may be
configured so as to include a short channel length, e.g., as
short a length as possible, while at the same time including
a larger channel width, e.g., as large as width as possible,
within the sensor array, in a manner adapted for keeping the
over all dimensions of the array as compact as possible. For
example, the equation for transconductance of a field effect
transistor, such as for a transistor presented herein, is:
g.,,xuC,,, W/L V_,; where g, is the transconductance, [ is
the carrier mobility, C,, is the overall capacitance of the
oxide or other layers over the transistor, W is the channel
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width, L is the channel length, and V, is the voltage from
the source to the drain. Since g,, directly relates to the
sensitivity of the sensor it may be desirable to increase gm
through moderating the terms shown in the equation.

[0025] In particular increasing the W/L ratio (maximizing
W and minimizing L) will increase g,. In particular
instances, a useful length of the channel from the source to
the drain ranges is less than 1 micron, such as less than 500
nm, such as less than 50 nm, and may be as short as the
fabrication process will allow without generating defects or
results that render the device unusable. A particularly useful
channel length may be 20 nm or less. Conversely, the width
of'the channel may be as wide as possible. In such instances,
the width of the channel is not governed by the fabrication
process as much as by the design requirements of the overall
sensor chip. In various instances, many millions of sensors
may be positioned on the sensor chip. With this large number
of sensors the individual sensor size and pitch (e.g., which
may directly affect the channel width) may be kept small,
such as reasonably small, so as to prevent the chip from
being so large as to be unable to be fabricated (e.g., exceeds
the photolithography reticle size) or too expensive (due to
the effect of defect density on a large chip size). A practical
range of channel width in particular instances may be from
0.1 micron to 2 microns, e.g., for a simple rectangular
channel design. In some cases, it may be desirable to
increase the channel length to channel width ratio through
the use of design techniques—for example, structured and/
or an interdigitated 3D tooth and comb design can provide
for short channel lengths and large channel widths within a
relatively compact area.

[0026] In certain instances, the surface and/or channel
may include a one-dimensional transistor material, a two-
dimensional transistor material, a three-dimensional transis-
tor material, and/or the like. In various instances, a one-
dimensional (1D) transistor material may be included, which
1D material may be composed of a carbon nanotube or a
semiconductor nanowire. In various instances, a two-dimen-
sional (2D) transistor material may be included, which 2D
material may be composed of a graphene layer, silicene,
molybdenum disulfide, black phosphorous, and/or metal
dichalcogenides. In particular instances, a three-dimensional
(3D) structural material, such as proximate a reaction zone
and/or channel layer may be provided. In various embodi-
ments, the surface and/or channel may further include a
dielectric layer. In particular instances, the surface and/or
channel may include a graphene layer.

[0027] Additionally, in various instances, a reaction layer,
e.g., an oxide layer, may be disposed on the surface and/or
channel, such as layered or otherwise deposited on the 1D,
2D, e.g., graphene, or 3D layer, and/or an included dielectric
layer. Such an oxide layer may be an aluminum oxide or a
silicon oxide, such as silicon dioxide. In some embodiments,
the oxide layer may have a thickness of about 20 nanome-
ters, such as about 15 nanometers, such as 10 or 9 or 7 or 5
nanometers or less. In various instances, a passivation layer
may be disposed on the surface and/or channel, such as
layered or otherwise deposited on the 1D, 2D, or 3D layer
and/or on an associated reaction layer on the surface and/or
channel. Such a passivation layer may have a thickness of
about 0.5 microns or less, such as about 0.1 microns or about
50 nanometers or about 20 nanometers, such as about 15
nanometers, such as 10 or 9 or 7 or 5 nanometers or less.
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[0028] In particular instances, the primary and/or second-
ary and/or tertiary structures may be fabricated or otherwise
configured so as to include a chamber or well structure in
and/or on the surface. For instance, a well structure may be
positioned on a portion of a surface, e.g., an exterior surface,
of the primary and/or secondary structures. In some
instances, the well structure may be formed on top of, or
may otherwise include, at least a portion of the 1D, 2D,
and/or 3D material, and/or may additionally include the
reaction, e.g., oxide, and/or passivation layers. In various
instances, the chamber and/or well structure may define an
opening, such as an opening that allows access to an interior
of the chamber, such as allowing direct contact with the 1D,
e.g., carbon nanotube or nanowire, 2D, e.g., graphene,
surface and/or channel. In such instances, the FET device
may be configured as a solution gated sensor device.

[0029] Accordingly, a further aspect of the present disclo-
sure is a bio-sensor. The bio-sensor includes a CMOS
structure that may include a metal containing source, e.g., a
damascene copper source, as well as a metal containing
drain, e.g., a damascene copper drain, a 1D or 2D layered,
e.g., a graphene layered, surface or channel extending from
the source to the drain, and a well or chamber structure that
may be positioned on a portion of an exterior surface of the
1D or 2D and/or 3D layered well. In particular instances, the
well structure may be configured so as to define an opening
that allows for direct, fluidic contact with the 1D, e.g.,
nanotube, nanowire, and/or 2D, e.g., graphene, well or
chamber surface. In various instances, the well structure is
further configured to include a 3D structural element, such
as incorporated into one or more of the well bounding
members. Further, an oxide and/or passivation layer may be
disposed in or on the chamber surfaces. Hence, in certain
instances, a chemically-sensitive transistor, such as a field
effect transistor (FET) including one or more nano- or
micro-wells may be provided.

[0030] In view of the above, in one aspect, the present
disclosure is directed to a method of fabricating a field effect
transistor, such as a transistor having one or more of a 1D,
2D, or 3D material associated therewith, such as in prox-
imity to a reaction zone configured within the FET. Any
suitable method may be employed in such a fabrication
process, however, in various instances, the method may
involve the growing and/or transferring of the one-dimen-
sional (1DO0 or two-dimensional (2D) material for use as in
the sensor. In such an instance, the method may include the
growing of the 1D or 2D material layer, such as on a suitable
growth platform, which may be a silicon platform or sub-
strate. Particularly, the method may also include releasing
the 1D and/or 2D material layer from the growth platform
and/or transferring the material layer to the semiconductor
structure or substrate.

[0031] Accordingly, in some embodiments, the chemi-
cally-sensitive field effect transistor may include a plurality
of wells and may be configured as an array, e.g., a sensor
array. Such an array or arrays may be employed such as to
detect a presence and/or concentration change of various
analyte types in a wide variety of chemical and/or biological
processes, including DNA hybridization and/or DNA or
RNA sequencing reactions. For instance, the devices herein
described and/or systems including the same may be
employed in a method for the analysis of biological or
chemical materials, such as for whole genome analysis,
genome typing analysis, micro-array analysis, panels analy-
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sis, exome analysis, micro-biome analysis, and/or clinical
analysis, such as cancer analysis, NIPT analysis, and/or UCS
analysis. In a particular embodiment, one or more surfaces
within the wells of the field effect transistor may be config-
ured as a reaction zone, which reaction zone may include an
additional structure, such as a 1D, 2D, e.g., graphene, or 3D
layer, and hence, the FET may be a graphene FET (gFET)
array.

[0032] Such FET sensors as herein described may be
employed to facilitate DNA hybridization and/or sequencing
techniques, such as based on monitoring changes in hydro-
gen ion concentration (pH), changes in other analyte con-
centrations, and/or binding events associated with chemical
processes (e.g., relating to DNA synthesis), such as within a
gated reaction chamber or well of the gFET based sensor,
such as proximate the reaction zone(s). For example, the
chemically-sensitive field effect transistor may be config-
ured as a CMOS biosensor and/or may be adapted to
increase the measurement sensitivity and/or accuracy of the
sensor and/or associated array(s), such as by including one
or more surfaces or wells having a surface layered with a 1D
and/or 2D and/or 3D material, a dielectric or reaction layer,
a passivation layer, and the like. In particular instances, the
increased sensitivity of the sensors may, in part, be due to the
presence of the presence of the 1D or 2D material, and/or
further enhanced by its relationship to one or more of the
reaction and/or passivation layers, which in turn allows for
smaller sensor configurations, therefore smaller channels
and/or gates, and thus a greater density of sensors and/or
arrays.

[0033] For instance, in a particular embodiment, a chemi-
cally-sensitive graphene containing field effect transistor
(gFET), such as a gFET having a CMOS structure is
provided, where the gFET sensor, e.g., biosensor, may
include a substrate and at least a first insulating layer that
may itself be configured so as to incorporate one or more of
a 1D, 2D, and/or 3D structure therein. For example, a 1D
structure may be layered within or coated on top of the
insulation layer, such as via chemical vapor deposition, e.g.,
PVC/CNT deposition, spin coating, physical vapor deposi-
tion, and the like. Additionally, or alternatively, a 2D struc-
ture or material layer may be applied to the first insulating
layer of the CMOS structure, such as by the growth, or
release, and/or transfer of the 2D material thereon. Particu-
larly, in various embodiments, the 2D material may be
graphene, Molybdenum disulfide (MoS,), Phosphorene
(black phosphorous), Silicene, Borophene, Tungsten disul-
fide (WS,), Boron Nitride, WSe,, Stanene (2D tin),
Graphane, Germanane, Nickel HITP, and Mxenes (Ti2C,
(Ti0.5,Nb0.5), V2C, Nb2C, Ti3C2, Ti3CN, Nb4C3, Ta4C3).

[0034] More particularly, in certain embodiments, the 2D
material may be grown and/or transferred onto the substrate
and/or insulating surface of the CMOS structure, which
structure may therefore be a read-out integrated circuit
(ROIC). For instance, there are several growth mechanisms
that may be implemented for the growth of such a 2D
material on a growth substrate, such as including the growth
on a metal plate, a metal foil, a thin film metal, or a metal,
e.g., silicon, wafer, and the like. Likewise, the 2D material
may be applied to the material by chemical vapor deposition
(“CVD”) (atmospheric, low or very low pressure), PECVD,
ALD, or grown in a hot wall or cold wall reactor. Once
gown, the 2D material may be transferred to the CMOS/
ROIC structured materials, such as by one or more of the
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following transfer mechanisms including direct transfer
from the growth substrate to a ROIC wafer using Van der
Waal’s forces, fusion bonding, and/or using temporary
bonding. Further, there are several release mechanisms that
may be implemented for effectuating the release of the 2D
material from the growth medium and/or substrate pursuant
to the transfer of the 2D material to the ROIC, which release
mechanisms may include aqueous electrolyte electrolysis,
e.g., with the growth platform as the cathode, and separation
due to hydrogen evolution. Another release mechanism may
be by separating a temporary adhesive from the growth
platform using a laser, a UV light, a temperature increase, or
physical peeling or pulling, and the like.

[0035] Additionally, in various embodiments, the CMOS
structure may additionally include a further insulating layer,
such as positioned on top of the second insulating layer,
which first and/or second insulating layer(s) may be posi-
tioned one on top of the other, such as with the 1D or 2D
material deposited there between. In particular instances, the
first and/or second insulating layers may include a well
structure, such as a well or chamber having a 3D structural
layer, such as within or otherwise associated with a surface
of the well or chamber. Further, in various embodiments, the
CMOS structure may include an oxide and/or passivation
layer, such as a layer that is deposited, e.g., via CVD
deposition, or may be otherwise disposed on the surface of
the well or chamber so as to increase the measurement
sensitivity and/or accuracy of the sensor and/or associated
array(s). The oxide layer, when present, may be composed
of an aluminum oxide, a silicon oxide, a silicon dioxide, and
the like. Particularly, the oxide and/or passivation layers
may have a suitable thickness such as of from about 100 nm
to about 75 nm, such as from about 50 nm to about 30 nm,
from about 40 nm to about 25 nm, such as from about 20 nm
to about 10 nm or 9 nm or less, respectively.

[0036] Accordingly, the present FET integrated circuits,
sensors, and/or arrays of the disclosure may be fabricated
such as using any suitable complementary metal-oxide semi-
conductor (CMOS) processing techniques known in the art.
In certain instances, such a CMOS processing technique
may be configured to increase the measurement sensitivity
and/or accuracy of the sensor and/or array, and at the same
time facilitate significantly small gates having relatively
smaller sensor sizes and more dense FET chamber sensor
regions. Particularly, in various embodiments, the improved
fabrication techniques herein described result in sensor
devices containing reaction zones employing a 1D or 2D
material layer, and/or may include a 3D structural layer. For
instance, a 1D or 2D material layer may be grown, such as
on a growth platform, and once grown may be released from
the growth platform, and then be transferred to a semicon-
ductor structure, such a CMOS substrate, so as to be
employed as a sensor therein.

[0037] Additionally, during or after manufacture one or
more surfaces or layers of the CMOS transistor structure
may be treated so as to contain one or more additional
reaction layers, such as an oxide and/or passivation layers,
which structures and layers, alone or in combination provide
for rapid data acquisition, such as from small sensors to large
and dense arrays of sensors. In certain embodiments, one or
more of such layers may be fabricated along with the
manufacture of the array, such as via one or more chemical
vapor deposition techniques. Further, in particular embodi-
ments, an ion-selective permeable membrane may be
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included, such as where the membrane layer may include a
polymer, such as a perfluorosulphonic material, a perfluo-
rocarboxylic material, PEEK, PBI, Nafion, and/or PTFE. In
some embodiments, the ion-selective permeable membrane
may include an inorganic material, such as an oxide or a
glass. In more particular embodiments, one or more of the
various layers disclosed herein, e.g., the 1D or 2D layer, the
reaction, passivation, and/or permeable membrane layers,
and the like may be fabricated or otherwise applied by a
spin-coating, anodization, PVD, and/or sol gel method.
[0038] Accordingly, in a particular fabrication process, a
method of forming an integrated circuit, such as for use in
performing a reaction, such as a nucleic acid sequencing
reaction, is provided. The method includes one or more steps
of providing a semi-conducting substrate having a plurality
of extended planar surfaces, such as a top and a bottom
surface, that are offset from one another by a first thickness,
and are surrounded by one or more side members, such as
a circumferential side member, if the substrate is circular,
elliptical, or round, or a plurality of opposed side members
contacting each other at their edges, such as if the substrate
is square, and the like. In various instances, the substrate
may include one or more transistor elements and/or inter-
connects that may be positioned within the thickness
between the plurality of surfaces.

[0039] Additionally, a second step may include depositing
a first insulating dielectric layer onto the top of the planar
surface of the substrate so that the dielectric layer extends at
least partially across the planar surface, such as from one
side portion to another side portion, e.g., edge to edge. A
plurality of trenches, e.g., opposed trenches, may then be
formed in the first insulating dielectric layer, such as where
each trench is offset from the other by a distance, which
distance may be configured so as to form a channel region.
[0040] A third step may include depositing a first layer of
conductive material into each of the trenches so as to form
an electrode within each trench. For instance, a first elec-
trode in a first trench may be configured so as to serve as a
source electrode, and a second electrode in a second trench
may be configured to serve as a drain electrode, such as
where the source and drain electrodes are offset by the
channel region, and may be in contact with the one or more
transistor elements.

[0041] In certain instances, once the electrodes have been
formed a 1D or 2D material layer, e.g., graphene, may be
positioned over the insulating layer in a manner to cover the
source and drain electrodes as well as the channel region
between, thereby forming the channel. However, in some
instances, the first insulating dielectric layer may be condi-
tioned prior to depositing the 1D or 2D material layer over
it, such as in a manner so that a side and/or top surface of
each of the plurality of electrodes is made to extend above
the surface of the surrounding insulating dielectric layer, and
in some instances, only after this conditioning is the 1D or
2D, e.g., graphene, layer deposited or otherwise formed over
the insulating layer, such as onto the side and top surface of
each of the plurality of electrodes and across the channel
region to thereby form a channel between the electrodes.
[0042] In various embodiments, the conditioning may be
accomplished by etching, such as wet or dry etching. Like-
wise, an additional plating and/or polishing, e.g., electroless
chemical polishing, and/or other conditioning steps may be
included, such as by being inserted between one or more of
the other recited. For example, in some embodiments, after
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the first conductive material is added and/or the 1D or 2D
material layer is to be added, one or more openings may be
made in the 1D or 2D material so as to allow the conductive
electrode material to push through and rise above the surface
of the 1D or 2D material layer. Such a step as this may be
performed in addition to or substitution for the conditioning
step. In such an instance, a second layer of conductive
material may then be deposited on at least a portion of the
2D material so as to contact each of the plurality of elec-
trodes so that combined conductive material of each of the
plurality of electrodes extends further above the surface of
the insulating dielectric layer.

[0043] Nevertheless, where conditioning takes place, an
opening of the 1D or 2D material layer may take place so as
to form an opening in the 2D material layer, such as
proximate each electrode, so as to expose at least the top
surface of each electrode. In such an instance, a second layer
of conductive material may be deposited over each opening
of the 2D material layer so that the second layer of conduc-
tive material contacts the first conductive material, fills the
opening, and further extends above the 2D material layer so
as to contact at least one of a side and top surface of the 2D
material layer. In any of these instances, a patterning step
may take place, such as employing a mask and photoresist
process, so as to pattern the 1D or 2D material layer forming
the channel.

[0044] Additionally, in various embodiments, a second
insulating material layer may be deposited over the pat-
terned 2D material layer, which second insulating layer may
itself be patterned so as to form a chamber having a bottom
surface proximate the channel region. In particular
instances, this chamber may be configured as a well so as to
form a reaction chamber wherein a nucleic acid sequencing
reaction, or other reaction, may take place.

[0045] Consequently, in various instances, the result of
these methods is the production of an integrated circuit,
which as indicated above, may be used in performing a
nucleic acid sequencing reaction. In such an instance, the
integrated circuit may include one or more of a semi-
conducting substrate that includes a plurality of extended
planar surfaces offset from one another by a first thickness,
which are surrounded by one or more circumferential or
edged side members, such as where the substrate may be
configures as a CMOS-FET, and therefore may have one or
more transistor elements positioned between the plurality of
surfaces. Hence, in particular embodiments, the substrate
may include an array of field effect transistors that may be
arranged in or on the substrate.

[0046] Accordingly, the substrate may form or otherwise
include a primary layer that forms a base layer for the
integrated circuit. Additionally included may be a secondary
layer that is positioned over the primary layer. Such a
secondary layer may be formed of a first non-conductive
material, so as to be an insulator and may include a plurality
of trenches, such as where each trench is offset by a distance
one from the other, where that distance forms a channel
region. The trench may be configured so as to include an
electrically conductive material so as to form an electrode,
and the trench may further be configured in such a manner
that a side and top surface of the electrode extends above the
top surface of the of the insulating layer. Further, each of the
electrodes may be orientated with respect to one another so
as to form a channel region there between, and thus, each
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electrode on either side of the channel region may be either
a source electrode or a drain electrode.

[0047] Further, a tertiary layer may be included and posi-
tioned over the secondary layer, such as where the tertiary
layer includes a 1D and/or 2D material, which may be
formed over one or more of the side and top of the source
and drain electrodes. In such an instance, the 2D material
may be formed over the channel region so as to electrically
connect the source and the drain electrodes and thereby form
the channel. In some embodiments, the structure of the
integrated circuit may include a fourth layer, which fourth
layer may extend across the surfaces of the second and/or
third layers, and may further include a surface structure that
overlaps the source and the drain in the secondary layer. For
example, the surface structure may rise above the second
and third layers but may include a chamber that defines a
well having sidewalls and a bottom, such as a bottom that
corresponds with the channel region and/or extends over at
least a portion of the 2D material so as to form a reaction
chamber for the performance of a sequencing reaction.
[0048] Accordingly, in a further aspect, a system is pro-
vided, such as a system configured for running one or more
reactions so as to detect a presence and/or concentration
change of various analyte types in a wide variety of chemical
and/or biological processes, including DNA hybridization
and/or sequencing reactions. As such, the system may
include an array including one or more, e.g., a plurality of
sensors, such as where each of the sensors includes a
chemically-sensitive field-effect transistor having a conduc-
tive source, a conductive drain, and a reaction surface or
channel extending from the conductive source to the con-
ductive drain. In particular instances, the array may include
one or more wells configured as one or more reaction
chambers having the reaction surface or channel positioned
therein. In some instances, the surface and/or channel of the
chamber may include a one-dimensional (1D) or two-di-
mensional (2D) transistor material, a three-dimensional (3D)
structural layer may be included, as well as a dielectric or
reaction layer, a passivation layer, and/or the like.

[0049] The system may further include one or more of a
fluidic component, such as for performing the reaction, a
circuitry component, such as for running the reaction pro-
cesses, and/or a computing component, such as for control-
ling and/or processing the same. For instance, a fluidics
component may be included where the fluidic component is
configured to control one or more flows of reagents over the
array and/or one or more chambers thereof. Particularly, in
various embodiments, the system includes a plurality of
reaction locations, such as surfaces or wells, which in turn
includes a plurality of sensors and/or a plurality of channels,
and further includes one or more fluid sources containing a
fluid having a plurality of reagents and/or analytes for
delivery to the one or more surfaces and/or wells for the
performance of one or more reactions therein. In certain
instances, a mechanism for generating one or more electric
and/or magnetic fields is also included.

[0050] The system may additionally include a circuitry
component, such as where the circuitry component may
include a sample and hold circuit, an address decoder, a bias
circuitry, and/or at least one analog-to-digital converter. For
instance, the sample and hold circuit may be configured to
hold an analog value of a voltage to be applied to or on a
selected column and/or row line of an array of a device of
the disclosure, such as during a read interval. Additionally,
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the address decoder may be configured to create column
and/or row select signals for a column and/or row of the
array, so as to access a sensor with a given address within the
array. The bias circuitry may be coupled to one or more
surfaces and/or chambers of the array and include a biasing
component such as may be adapted to apply a read and/or
bias voltage to selected chemically-sensitive field-effect
transistors of the array, e.g., to a gate terminal of the
transistor. The analog to digital converter may be configured
to convert an analog value to a digital value

[0051] A computing component may also be included,
such as where the computing component may include one or
more processors, such as a signal processor; a base calling
module, configured for determining one or more bases of
one or more reads of a sequenced nucleic acid; a mapping
module, configured for generating one or more seeds from
the one or more reads of sequenced data and for performing
a mapping function on the one or more seeds and/or reads;
an alignment module, configured for performing an align-
ment function on the one or more mapped reads; a sorting
module, configured for performing a sorting function on the
one or more mapped and/or aligned reads; and/or a variant
calling module, configured for performing a variant call
function on the one or more mapped, aligned, and/or sorted
reads. In particular instances, the base caller of the base
calling module may be configured to correct a plurality of
signals, such as for phase and signal loss, to normalize to a
key, and/or to a generate a plurality of corrected base calls
for each flow in each sensor to produce a plurality of
sequencing reads. In various instances, the device and/or
system may include at least one reference electrode.

[0052] Particularly, the system may be configured for
performing a sequencing reaction. In such an instance, the
FET sequencing device may include an array of sensors
having one or more chemically-sensitive field-effect tran-
sistors associated therewith. Such transistors may include a
cascade transistor having one or more of a source terminal,
a drain terminal, and or a gate terminal, such as composed
of a damascene copper. In such an instance, the source
terminal of the transistor may be directly or indirectly
connected to the drain terminal of the chemically-sensitive
field-effect transistor. In some instances, a one or two
dimensional channel or other suitably configured surface
element may be included and may extend from the source
terminal to the drain terminal, such as where the 1D channel
material may be a carbon nanotube or nanowire, and the
two-dimensional channel material may be composed of
graphene, silicene, a phosphorene, a molybdenum disulfide,
and a metal dichalcogenide. The device may further be
configured to include a plurality of column and row lines
coupled to the sensors in the array of sensors. In such an
instance, each column line in the plurality of column lines
may be directly or indirectly connected to or otherwise
coupled to the drain terminals of the transistors, e.g., cascade
transistors, of a corresponding plurality of sensors and/or
pixels in the array, and likewise each row line in the plurality
of row lines may be directly or indirectly connected to or
otherwise coupled with the source terminals of the transis-
tors, e.g., cascade transistors, of a corresponding plurality of
sensors in the array.

[0053] In some instances, a plurality of source and drain
terminals having a plurality of reaction surfaces, e.g., chan-
nel members, extended there between may be included, such
as where each channel member includes a one or two or even
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three dimensional material. In such an instance, a plurality
of first and/or second conductive lines, and so forth, may be
coupled to the first and second source/drain terminals of the
chemically-sensitive field-effect transistors in respective
columns and rows in the array, and so forth. Additionally,
control circuitry may be provided and coupled to the plu-
rality of column and row lines such as for reading a selected
sensor connected to a selected column line and/or a selected
row line. The circuitry may also include a biasing compo-
nent having a bias circuitry such as is configured to apply a
read voltage, while the sample and hold circuit may be
configured to hold an analog value of a voltage on a selected
column line of the array during a read interval. Particularly,
the bias circuitry may be configured for applying a read
voltage to the selected row line, and/or to apply a bias
voltage such as to the gate terminal of a transistor, such as
FET and/or cascade transistor of the selected sensor. In a
particular embodiment, the bias circuitry may be coupled to
one or more chambers of the array and be configured to
apply a read bias to selected chemically-sensitive field-effect
transistors via the conductive column and/or row lines.
Particularly, the bias circuitry may be configured to apply a
read voltage to the selected row line, and/or to apply a bias
voltage to the gate terminal of the transistor, e.g., cascade
transistor, such as during a read interval.

[0054] A sense circuitry may also be included and coupled
to the array so as to sense a charge coupled to one or more
of the gate configurations of a selected chemically-sensitive
field-effect transistor. The sense circuitry may be configured
to read the selected sensor based on a sampled voltage level
on the selected row and/or column line. In such an instance,
the sense circuitry may include one or more of a pre-charge
circuit, such as to pre-charge the selected column line to a
pre-charge voltage level prior to the read interval; and a
sample circuit such as to sample a voltage level at the drain
terminal of the selected transistor, such as during the read
interval. A sample circuit may further be included and
contain a sample and hold circuit configured to hold an
analog value of a voltage on the selected column line during
the read interval, and may further include an analog to
digital converter to convert the analog value to a digital
value.

[0055] In particular embodiments, the computer compo-
nent of the FET, e.g., CMOS, structure may include a
processor configured for controlling the performance of one
or more reactions involving a biological or chemical mate-
rial so as to obtain reaction results, and for analyzing those
results, for instance, based on detecting and/or measuring
changes in a voltage (V) potential, current (I), or capacitance
occurring on the chemically-sensitive field effect transistor.
Particularly, the processor, such as a signal processor, may
be configured so as to generate one or more current (I) vs.
voltage (V) curves, such as where the current [ of the I-V
curve is the current applied between the source and drain of
the chemically sensitive field effect transistor and/or where
the gate voltage (Vg) of the I-Vg curve is a gate or channel
voltage applied to the chemically-sensitive field effect tran-
sistor. In such an instance, the gate voltage Vg of the I-Vg
curve is a top and/or a back gate voltage that may be applied
to the chemically sensitive field effect transistor through a
top (or front) and/or back of the device, respectively. Hence,
a suitably configured device of the disclosure may be
adapted as a front and/or back-gated device, which may
further be configured as a solution gate. Accordingly, in
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various embodiments, a device of the disclosure may be a
field-effect transistor that includes a chamber adapted for
measuring ion concentrations in a solution; such as where,
when the ion concentration (such as H* or OH™ in a pH
scale) within the chamber changes, the current through the
transistor, e.g., a gate region thereof, will change accord-
ingly. In such an instance, the solution, when added to the
chamber forms, or otherwise serves as, a gate electrode.

[0056] Hence, in specific embodiments, the gate voltage
Vg of the I-Vg curve may be a solution gate voltage such as
applied to the chemically sensitive field effect transistor
through a solution flowed over a portion, e.g., a chamber, of
the device. In some embodiments, the reference I-Vg curve
and/or a chemical reaction I-Vg curve may be generated in
response to the biological material and/or chemical reaction
that is to be detected and/or occurs over or near the chemi-
cally-sensitive field effect transistor, such as within a cham-
ber or well of the FET structure. In various embodiments,
the processor may be configured to determine differences in
relationships between a generated reference 1-Vg curve
and/or chemical reaction I-Vg curve. In certain instances,
the circuitry component may include at least one analog-to-
digital converter that is configured for converting analog
signals, such as obtained as a result of the performance of the
reaction(s) within the reaction well, or array of wells, into
digital signals.

[0057] Accordingly, in another aspect, a chemically-sen-
sitive field effect transistor device may be provided, wherein
the device may include a structure having a conductive
source and drain as well as having a surface or channel or
other functionally equivalent surface structure extending
from the conductive source to the conductive drain, such as
where the surface or channel may include a one-, two-, or
three-dimensional transistor material. The device may also
include a processor such as where the processor is config-
ured for generating a reference I-Vg curve and/or generating
a chemical reaction I-Vg curve, in response to the chemical
reaction occurring within a chamber of the chemically-
sensitive field effect transistor, and may be configured to
determine a difference between the reference I-Vg curve and
the chemical reaction [-Vg curve.

[0058] In some instances, the difference between the ref-
erence [-Vg curve measurement and the chemical reaction
1-Vg curve measurement is a shift in a minimum point of the
Vg value of the chemical reaction I-Vg curve relative to a
minimum point of the Vg value of the reference I-Vg curve.
In other instances, the difference between the reference I-Vg
curve and the chemical reaction I-Vg curve is a shift in an
ion value of the chemical reaction I-Vg curve relative to an
ion value of the reference I-Vg curve, for instance, where the
ion values are taken from a p-type or n-type section of the
1-Vg curve. For example, the measurements of the slopes
may be taken from the steepest and/or flattest sections on the
p-type and/or n-type portions of the I-Vg curves. In particu-
lar instances, the difference between the reference I-Vg
curve and the chemical reaction I-Vg curve is a shift in an
Ioff value of the chemical reaction I-Vg curve relative to an
Ioff value of the reference I-Vg curve. In one embodiment,
the difference between the reference I-Vg curve and the
chemical reaction I-Vg curve is a change in the slope of the
chemical reaction I-Vg curve relative to a change in the
slope of the reference I-V g curve. In another embodiment,
the difference between the reference I-Vg curve and the
chemical reaction I-Vg curve is an overall change in shape
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of the chemical reaction I-Vg curve relative to an overall
change in shape of the reference 1-Vg curve. In other
embodiments, the difference in overall shape of the I-Vg
curves is determined by first fitting a polynomial or other
fitting line to each of the I-Vg curves and then comparing the
coeflicients of those fitting lines. In other embodiments, the
difference between a reference 1-Vg curve and the chemical
reaction I-Vg curve is based on more than one chemical
reaction [-V g curve.

[0059] Accordingly, in particular embodiments, the FET
and/or processor may be configured to respond to a shift in
the I-V or I-Vg curve, such as where the curve is shifted in
response to the detection of a biological compound and/or
the result of a reaction taking place in or on a surface of the
FET device. In some instances, the I-V/I-Vg curve may be
produced and/or shifted in response to a chemical reaction
occurring on a reaction layer and/or the surface of a 1D or
2D, e.g., graphene, surface of the field effect transistor, such
as resulting from the detection of a biological compound or
reaction occurring within the well structure of the device.
Hence, the FET and/or processor may be configured so as to
shift the I-V curve or I-Vg curve such as in response to the
chemical reaction. In various embodiments, one or more
elements and/or methods, as herein described, may be used
to shift a reference I-V or I-Vg curve and/or a chemical
reaction 1-Vg curve so that the difference between the
reference I-Vg curve and a chemical reaction I-Vg is more
pronounced. For instance, the device may include a struc-
ture, such as a membrane, other surface layer, and/or other
element configured for enhancing the ability of the processor
to determine the difference between various I-V and/or I-Vg
curves.

[0060] Hence, in a further aspect, a chemically-sensitive
FET transistor that is fabricated on a primary structure
having a stacked configuration including an inorganic base
layer, e.g., a silicon layer; a dielectric and/or an organic or
inorganic insulator layer, such as a silicon dioxide layer; a
1D, 2D, or 3D material layer, such as a carbon nanotube,
nanowire, or graphene layer; a reaction, e.g., oxidation,
and/or passivation layer; and further having a conductive
source and drain embedded in one or more of the layers,
such as between and/or forming a gate structure, e.g., a
solution gate region, may be provided. In various embodi-
ments, the gate region may be configured so as to form a
chamber or well and the 1D or 2D material and/or oxidation
layers may be positioned between the conductive source and
drain in such a manner as to form a bottom surface of the
chamber. The structures may further include or otherwise be
associated with an integrated circuit and/or a processor, such
as for generating and/or processing generated data, such as
sensor derived data.

[0061] Accordingly, in particular embodiments, a further
structured layer, e.g., a secondary or tertiary structure, may
also be provided, such as where the further structured layer
may be included and/or present within the well or chamber,
such as to enhance the ability of the processor to determine
the difference between the current and/or voltages as well as
their respective associated curves. More particularly, the
additional structure may include an ion-selective permeable
membrane, such as an ion-selective permeable membrane
that allows ions of interest to pass through the membrane
while blocking other ions, such as to enhance the ability of
the processor to determine the difference between the ref-
erence [-V or [-Vg curve and the chemical reaction I-V or
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1-Vg curve, and thus enhance the ability of the processor to
detect a desired chemical reaction. In various instances, the
FET may be configured such that the I-V or [-Vg curve(s)
may be shifted so as to better respond to, detect, and/or
otherwise determine a biological compound and/or a chemi-
cal reaction, such as a biological compound and/or a chemi-
cal reaction occurring on the 1D or 2D, e.g., graphene,
surface of the chemically-sensitive field effect transistor. In
particular instances, the ion-selective permeable membrane
may include a 2D transistor material, e.g., graphene, which
may or may not be electrically connected to the source
and/or drain layer and/or channel.

[0062] Accordingly, in various instances, the ion-selective
permeable membrane may be positioned within the well
and/or over a passivation layer, an ion sensitive or reaction
layer, a 1D and/or a 2D transistor material layer, and/or a
dielectric layer that itself may be positioned over and/or
otherwise form a part of the chamber or channel. In certain
embodiments, the membrane layer may be or otherwise be
associated with an ion getter material, such as an ion getter
material that traps ions that may or may not be relevant to
the biological species and/or chemical reaction to be sensed
and/or determined, such as to enhance the ability of the
processor to determine the difference between the reference
1-V or 1-Vg curve and/or the chemical reaction I-V or I-Vg
curve, e.g., because there are fewer interfering ions, thus
enhancing the ability of the processor to detect the desired
biological species and/or results of the chemical reactions.
Particularly, the ion getter material may be arranged within
proximity to the chamber and/or surface thereof so that the
action of gettering the unwanted ions improves the detection
capability of the chemically-sensitive field effect transistor.
In some instances, one or more of the various layers herein,
such as the ion getter material may be placed over one or
more of the other layers, such as the dielectric layer, oxide
layer, or 1D or 2D or 3D layers, positioned in proximity to
one or more of the chambers, channels, or surfaces of the
FET device.

[0063] In particular instances, an additional material, e.g.,
HMDS, may be included so as to manage the interaction of
the chamber and/or channel and/or associated oxide layer
and/or underlying 1D or 2D or 3D transistor layer. For
instance, a chemically-sensitive field effect transistor of the
disclosure may include a secondary or tertiary structure that
includes a 2D transistor channel or surface which may
include an ion-sensitive material over the channel or surface.
In such an instance, the material may be sensitive to ions that
are different from the ions associated with the biological
molecule or chemical reaction that is to be detected. Par-
ticularly, in some instances, the action of sensing ions that
are different from the ions associated with the biologics
and/or chemical reactions that are to be detected allows the
processor to filter out the signal from the unwanted ions
from the signal of the ions of interest.

[0064] In a further aspect of the present disclosure, a
system having a chemically-sensitive transistor, such as a
field effect transistor (FET) including one or more chambers,
e.g., a plurality of chambers having a well structure(s)
formed therein is provided. In such an instance, the well(s)
may be structured as a reaction location, wherein one or
more chemical reactions may take place. In such an embodi-
ment, the system may include a fluidics component having
a fluid source, e.g., a reservoir, containing one or more fluids
therein and configured for delivering the fluid from the
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reservoir to the reaction chamber, such as for the detection
of a biologic and/or the performance of one or more chemi-
cal and/or biological reactions, such as a nucleic acid
sequencing reaction. Hence, the fluidics component, e.g., the
fluid source, may be in fluidic communication with the FET
device configured for biological and/or chemical analysis.

[0065] Accordingly, in certain instances, the fluid may
include one or more reactants, such as one or more analytes
necessary for performing a sequencing reaction, as herein
described. In a particular embodiment, the fluid may include
one or more, e.g., a plurality of microbeads, having a nucleic
acid template attached thereto, for instance, where the
template is a DNA or RNA molecule to be sequenced, and
the fluid containing the microbead is to be delivered to the
well such as for carrying out the sequencing reaction. In
such an embodiment, one or more of, e.g., each, of the
plurality of microbeads may be configured so as to have
electric charge and/or paramagnetic properties. The device
may additionally include an electric and/or magnetic field
component, e.g., having an electric and/or magnetic field
generator, such as where the electric and/or magnetic field
component is configured to generate an electric and/or
magnetic field so as to interact with the electric and/or
magnetic charge properties of each of the plurality of
microbeads to attract the microbeads into a reaction location,
such as a reaction surface, a channel, a well, a chamber,
and/or a sensor of the FET device, such as by using
electrophoresis and/or magnetism.

[0066] Hence, one or more, e.g., a plurality of microbeads,
may be drawn onto or into a reaction location of the plurality
of reaction locations, which locations may be formed as
wells, e.g., one or more thin wells. The microbeads may
include an analyte such as a biological material or a chemi-
cal material, e.g., one or more nucleotide sequences. Par-
ticularly, a fluid containing the analyte containing micro-
beads may be introduced into the wells, such as by a fluidics
component of the disclosure. As the analyte may be a nucleic
acid sequence having negative charge properties, an electric
and/or magnetic field may be applied individually or col-
lectively to the wells, so as to draw an analyte containing
microbead onto each reaction location, e.g., into each well or
sensor containing channel. In various instances, the electric
and/or magnetic field component generates an electric and/
or magnetic field so as to interact with the electric charge
properties of the microbead thereby drawing it to the reac-
tion location. In certain instances, the microbead itself may
be charged and/or may have electric and/or magnetic prop-
erties, and thereby may be drawn to the reaction location
using electrophoresis and/or magnetism.

[0067] The use of electrophoresis and/or magnetism
allows for thinner reaction location structures. In particular
instances, therefore, an electric and/or magnetic field gen-
erator may be configured for drawing and/or positioning a
microbead within the well structure, such as in proximity to
a channel or chamber of the device, and in other instances,
the electric and/or magnetic field generator may be config-
ured for reversing the electrical and/or magnetic field so as
to repulse the microbead from the reaction location, channel,
and/or chamber. In various instances, an array of reaction
locations may be provided each having a magnet that allows
for selective filling of the reaction locations with different
numbers and/or types of microbeads, such as at select
reaction locations. In such an instance, multiple electric
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and/or magnetic field generators for selective filling of
reaction locations, e.g., wells.

[0068] Accordingly, one aspect of the present disclosure is
a system and/or a method for positioning one or more, e.g.,
a plurality, of microbeads, e.g., containing one or more DNA
and/or RNA templates attached thereto, within a reaction or
plurality of reaction locations for biological or chemical
analysis, such as for nucleic acid sequencing. The system
may include a CMOS FET device having an integrated
circuit structure configured for performing a biological or
chemical analysis, such as within a plurality of nano- or
micro-reaction wells, as described above, having a fluidic
component, a circuitry component, and/or a computing
component, and the method may include one or more of the
following steps.

[0069] For instance, the method may include the fluidic
component introducing a fluid to be in contact with the
device, such as where the fluidics component is configured
to control a flow a fluid of reagents over the array, and the
fluid may include one or more microbeads that may have
electric charge and/or paramagnetic properties. In such an
instance, the device may include an integrated circuit struc-
ture, a plurality of reaction locations having one or more
wells, a plurality of sensors and/or a plurality of channels,
and/or an electric and/or magnetic field component. The
electric field and/or magnetic field component may be
configured to activate the electronic and/or magnetic field,
and the method may also include activating an electric
and/or magnetic field so as to interact with the electric and/or
paramagnetic properties of each of the microbeads. The
method may additionally include drawing the one or more
microbeads into a reaction location of the plurality of
reaction locations using electrophoresis and/or magnetism.
In certain instances, the method may include positioning the
one or more microbeads within the one or more reaction
locations for biological or chemical analysis.

[0070] In particular instances, the electric and/or magnetic
fields may be generated by the plurality of electric and/or
magnetic field generators, e.g., included in the integrated
circuit structure, in all or only a subset of the plurality of
reaction locations so as to only attract a plurality of micro-
beads to the subset of reaction locations, such as for selec-
tively filling the plurality of reaction locations with the
plurality of microbeads. In such an instance, different types
of microbeads may be attracted to different reaction loca-
tions, such as by pulsing the voltage and/or magnetic gen-
erators and/or keeping the same constant. Particularly, where
an electric field generator is provided the voltage applied to
the device may be variable or constant and may be less than
about 10V, such as about less than 8V, or less than about 6V,
including less than about 4V or about 2V or 1V. The voltage
may be applied between a location above the fluid and a
location on or below the reaction location, such as above the
package lid and/or below the metal plate below the package.
In certain instances, the location below the reaction location
may be a metal or conductive layer such as within the
package or package substrate. The method may also include
the step of reversing the electric or magnetic field so as to
eject the plurality of beads from the plurality of wells,
sensors, and/or channels, either entirely or selectively.

[0071] Further, as indicated, each or a subset of the
plurality of reaction locations may be utilized to generate
electric fields to attract a microbead thereby allowing for
programmability to each or a subset of reaction locations, for
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instance, 99% or 95% or 90% or 85%, or 80% or less of the
plurality of wells are occupied with a microbead. Hence, the
electric and/or magnetic field may be generated in only a
subset of the plurality of wells, sensors or channels to only
attract a plurality of microbeads to the subset. Likewise, a
plurality of electric and/or magnetic field generators for
selective filling the plurality of wells, sensors or channels
with the plurality of microbeads, and/or ejecting the plural-
ity of beads from the plurality of wells, sensors or channels.
In such an instance, the electric and/or magnetic field
generator may be an electric source, a permanent magnet
and/or an electromagnet. As indicated, the plurality of
magnetic field generators is configured to reverse the mag-
netic field to eject the plurality of microbeads from the
plurality of reaction locations or a subset thereof.

[0072] Additionally, in one aspect of the present disclo-
sure, a device, system, and/or method for verifying well
occupancy for a plurality of wells for analysis of biological
or chemical materials may be provided. For instance, a
device of the system may include a plurality of wells having
a plurality of sensors, such as where each well includes a
graphene layer, and each sensor is configured as a field effect
transistor. In such instances, the system may include a
device for receiving a fluid containing the plurality of
microbeads. Particularly, the device may include a proces-
sor, a CMOS structure having an integrated circuit, a plu-
rality of wells, and a plurality of sensors within the CMOS
structure. Each of plurality of wells may be configured to
receive a microbead of the plurality of microbeads, and the
CMOS structure may include a mechanism for drawing
and/or ejecting the beads into or out of the wells. Hence, the
method may include the step of flowing the plurality of
microbeads over and/or into the plurality of reaction loca-
tions and/or wells and/or may include determining, e.g.,
through electrical and/or magnetic sensing if a reaction
location and/or well is occupied or unoccupied and/or if a
well contains one or multiple microbeads.

[0073] Consequently, the processor may be configured to
determine if a well is unoccupied and/or if the well contains
one or more, e.g., multiple microbeads. In certain instances,
the processor may also be configured to eliminate or modify
one or more of the measurements, such as based on the
number of wells occupied or unoccupied, e.g., the number of
wells containing none, one or multiple microbeads. For
instance, the processor may be configured to eliminate from
the measurement the number of wells unoccupied and the
number of wells containing multiple microbeads, or com-
pensate in the measurement for the number of wells unoc-
cupied and the number of wells containing multiple micro-
beads, and the like.

[0074] In such instances, the measurement may be a shift
in an I-V or I-Vg curve. In particular instances, the processor
may be configured to eliminate from the measurement the
number of wells unoccupied and the number of wells
containing one or multiple microbeads and/or to compensate
in the measurement for the number of wells unoccupied and
the number of wells containing one or multiple microbeads.
Accordingly, in some embodiments, the measurement may
be a shift in an I-V or I-Vg curve, such as one or more of:
generating a plurality of I-V or I-Vg curves so as to
determine a shift in response to a chemical reaction occur-
ring on or near the chemically-sensitive field effect transis-
tor; generating a chemically-sensitive field-effect transistor
I-V or I-Vg curve in response to a chemical reaction
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occurring on or near the chemically-sensitive field-effect
transistor so as to detect a change in the slope of the I-V
curve; and/or to sense shifts in a capacitance as a function of
a gate voltage.

[0075] Having briefly described the present technology,
the above and further objects, features and advantages
thereof will be recognized by those skilled in the pertinent
art from the following detailed description of the invention
when taken in conjunction with the accompanying drawings.

BRIEF DESCRIPTION OF THE FIGURES

[0076] FIG. 1A is an illustration of a substrate for use in
a chemically-sensitive field-effect transistor, such as for a
system for analysis of biological and/or chemical materials.
In this instance, the substrate includes an insulating layer
having a source and a drain, and further includes a reaction
zone having a graphene layer associated therewith.

[0077] FIG. 1B is an illustration of a graphene layer, such
as for use in the substrate of FIG. 1A.

[0078] FIG. 1C is an illustration of molybdenum disulfide.
[0079] FIG. 1D is an illustration of black phosphorous.
[0080] FIG. 1E is an illustration of silicone.

[0081] FIG. 1F is an illustration of a nanotube.

[0082] FIG. 1G is an illustration of a semiconductor

nanowire structure.

[0083] FIG. 1H is an illustration of a graphene layered
substrate of FIG. 1A configured as a chemically-sensitive
field-effect transistor having a reaction layer associated with
the graphene layer, such as for use in a system for analysis
of biological and/or chemical materials.

[0084] FIG. 11 is an illustration of a chemically-sensitive
field-effect transistor of FIG. 1A having a silicon dioxide
layer positioned over the substrate and insulating layers, and
further having a well structure etched into the silicon dioxide
layer so as to form a chamber proximate the graphene
layered reaction zone. In this instance, the chamber includes
apassivation layer or etch stop layer placed over the reaction
layer.

[0085] FIG. 1] shows a side sectional view of trenches
formed in an insulating dielectric layer.

[0086] FIG. 1K shows a top view of a dielectric layer in
which electrodes have been deposited.

[0087] FIG. 1L shows a side sectional view of electrodes
in a dielectric layer before and after chemical-mechanical
planarization (CMP) process. The CMP process partially
etches part of the dielectric layer to allow the electrodes to
project above the surface of the dielectric layer.

[0088] FIG. 1M shows a side sectional view of electrodes
in a dielectric layer that have additional material in the form
of plated bumps on the contact region of the electrodes.
[0089] FIG. 1IN illustrates a side sectional view of an
embodiment of electrodes in a dielectric material with plated
bumps on the electrodes that extends slightly past the edges
of the electrodes.

[0090] FIG. 10 shows a side sectional view of an elec-
trode in a dielectric layer with a graphene layer on top of the
electrode. The dielectric layer is in the midst of a lift-off
process to create an opening in the graphene layer and
thereby expose a contact region of the electrode.

[0091] FIG. 1P shows a side sectional view of an embodi-
ment of multiple electrodes in a dielectric layer with a
graphene layer on top of the electrodes. The graphene layer
has openings proximate each of the electrodes, and metal
portions or cover is deposited over the openings.
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[0092] FIG. 1Q shows a top view of the multiple elec-
trodes shown in FIG. 1P.

[0093] FIG. 1R illustrates a side sectional view of an
embodiment of electrodes contacted by additional electri-
cally conductive material through openings in a 2D material
layer.

[0094] FIG. 1S shows a top view of the embodiment of
electrodes, electrically conductive material, and the 2D
material shown in FIG. 1R.

[0095] FIG. 1T illustrates a side sectional view of an
integrated circuit with electrodes, a channel structure, and a
well structure. The channel structure has multiple openings
to allow additional conductive material to contact the elec-
trodes.

[0096] FIG. 1U shows a side sectional view of a semi-
conductor substrate coated with an insulated dielectric layer
during fabrication of an integrated circuit of the disclosure.
[0097] FIG. 1V illustrates a side sectional view of a
conductive material layer on an insulated dielectric layer
during fabrication of an integrated circuit of the disclosure.
[0098] FIG. 1W shows a side sectional view of a patterned
conductive material layer during fabrication of an integrated
circuit of the disclosure.

[0099] FIG. 1X illustrates a side sectional view of a 1D or
2D material layer applied over electrodes during fabrication
of an integrated circuit of the disclosure.

[0100] FIG. 1Y shows a side sectional view of an ion
sensitive layer applied over a 1D or 2D material layer during
fabrication of an integrated circuit of the disclosure.
[0101] FIG. 1Z illustrates a side sectional view of ion
sensitive and 1D or 2D material layers that have been
patterned during fabrication of an integrated circuit of the
disclosure.

[0102] FIG. 1AA shows a side sectional view of an
integrated circuit with a second insulating dielectric layer
during the process of forming a well proximate the inte-
grated circuit.

[0103] FIG. 1BB illustrates a side sectional view of an
integrated circuit with a patterned second insulating dielec-
tric layer during the process of forming a well proximate the
integrated circuit.

[0104] FIG. 2A is an illustration of a chemically-sensitive
field-effect transistor having a graphene layered well struc-
ture, such as for a system for analysis of biological and/or
chemical materials.

[0105] FIG. 2B is an illustration of a chemically-sensitive
field-effect transistor of FIG. 2A, having a graphene layered
well structure that further includes a reaction layer associ-
ated with the graphene layer, such as for a system for
analysis of biological and/or chemical materials.

[0106] FIG. 2C is a top plan view of a chemically-
sensitive field-effect transistor with a well structure.

[0107] FIG. 2D is a top plan view of a chemically-
sensitive field-effect transistor with another configuration of
a well structure.

[0108] FIG. 2E is a top plan view of an array for a system
for analysis of biological or chemical materials, where the
array includes multiple chemically-sensitive field-effect
transistors.

[0109] FIG. 3A1is a block diagram of a system for analysis
of biological or chemical materials.

[0110] FIG. 3B is a block diagram of a circuitry compo-
nent for a system for analysis of biological or chemical
materials.
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[0111] FIG. 3C is a block diagram of a computing com-
ponent for a system for analysis of biological or chemical
materials.

[0112] FIG. 4A is an illustration of a chemically-sensitive
field-effect transistor of FIG. 2A, having a graphene layered
well structure that includes a nano- or micro-bead therein.
[0113] FIG. 4B is an illustration of a chemically-sensitive
field-effect transistor of FIG. 4A, having a graphene layered
well structure that includes a reaction layer associated with
the graphene layer, which further includes a nano- or micro-
bead therein.

[0114] FIG. 4C is an illustration of a chemically-sensitive
field-effect transistor of FIG. 4A, having a graphene layered
well structure that includes a plurality of nano- or micro-
beads therein.

[0115] FIG. 5A is an illustration of the substrate of FIG.
1A, having a silicon dioxide layer positioned above a
graphene layered reaction zone, and utilizing a magnetic
field for the positioning of a nano- or micro-bead to be
associated therewith.

[0116] FIG. 5B is an illustration of the substrate of FIG.
1D, having a silicon dioxide layer positioned above a
graphene layered reaction zone, and utilizing a magnetic
field for the positioning of a nano- or micro-bead to be
associated therewith.

[0117] FIG. 5C is an illustration of the substrate of FIG.
5B, in an alternate configuration, such as utilizing a mag-
netic field reversal of a magnet to release a nano- or
micro-bead.

[0118] FIG. 5D is an illustration of the chemically-sensi-
tive field-effect transistor of FIG. 4A, such as for a system
for analysis of biological or chemical materials, utilizing an
electric field for positioning of a nano- or micro-bead.
[0119] FIG. 5E is an illustration of an array of chemically-
sensitive field-effect transistors for a system for analysis of
biological or chemical materials utilizing multiple magnets
for generating a plurality of magnetic fields for positioning
of nano- or micro-beads within the wells.

[0120] FIG. 6A is a graph of an [-Vg curve with charac-
teristics that are used to categorize [-V g curves.

[0121] FIG. 6B is a graph of an [-Vg curve illustrating a
single difference or multiple differences.

[0122] FIG. 6C is a graph of an [-Vg curve illustrating a
shift in the I-Vg curve.

[0123] FIG. 6D is a graph of an I-Vg curve illustrating a
change in the shape of the I-Vg curve.

[0124] FIG. 6E is a graph of an [-Vg curve illustrating a
change in the level of the I-Vg curve (lon in p-type region).
[0125] FIG. 6F is a graph of an I-Vg curve illustrating a
change in the level of the I-Vg curve (lon in n-type region).
[0126] FIG. 6G is a graph of an I-Vg curve illustrating a
change in the level of the I-Vg curve (Ioff).

[0127] FIG. 6H is a graph of an I-Vg curve illustrating a
fit polynomial or other fitting line to curve and use coeffi-
cients as read criterion.

[0128] FIG. 6l is a graph of an I-Vg curve illustrating a
check-slope of the I-Vg curve on one or both sides (Gm &
proportional to mobility),and use of a solution gate and
backgate in combination to improve a signal and move the
curve where desired.

[0129] FIG. 7Ais a graph of an [-Vg curve for various pH
values.

[0130] FIG. 7B is a graph of current increase vs. pH
increase.
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[0131] FIG. 7C is a graph of frequency vs. normalized
power spectral density for silicon ISFET.

[0132] FIG. 7D is a graph of frequency vs. normalized
power spectral density for a typical graphene FET.

[0133] FIG. 7E is a graph of frequency vs. normalized
power spectral density for a graphene FET of the present
invention.

[0134] FIG. 7F is a graph of noise vs. bias voltage.
[0135] FIG. 7G is a graph of Dirac voltage vs. current
increase.

[0136] FIG. 8A is an illustration of a chemically-sensitive

field-effect transistor with a graphene layered well structure
and having a permeable membrane associated with the
graphene layer.

[0137] FIG. 8B is a graph of an average sensitivity of a
graphene FET (“GFET”) calculated as a function of liquid
gate potential.

[0138] FIG. 9A is an illustration of electrowetting for
biomolecule attachment.

[0139] FIG. 9B is an illustration of electrophoresis for
biomolecule attachment.

[0140] FIG. 9C is an illustration of microfluidics for
biomolecule attachment.

[0141] FIG. 9D is an illustration of an optical readout of
DNA sequencing using nanomaterials.

[0142] FIG. 10A is a block diagram of components for a
system for analysis of biological or chemical materials.
[0143] FIG. 10B is an illustration of an exemplary gra-
phene field-effect transistor and chip.

[0144] FIG. 11 is an illustration of various planar source
and drain electrode designs, including interdigitated designs.
[0145] FIG. 12 is a cross-section of a well opening stop-
ping on an analyte-sensitive layer.

[0146] FIG. 13 is an illustration highlighting a second
analyte-sensitive layer coating the walls of a well.

[0147] FIG. 14 is an illustration of using the well walls to
create 3D interdigitated electrodes.

[0148] FIG. 15 is an illustration of the well structure of
FIG. 14 with a transistor material or an analyte-sensitive
layer.

[0149] FIG. 16 is an illustration showing a metal pattern in
a deep trench created by photolithography.

[0150] FIG. 17 is an illustration of an exemplary fabrica-
tion method as herein described.

[0151] FIG. 17A illustrates a graphene growth step of
direct bond transfer via Van der Waals forces, in accordance
with the method steps set forth in FIG. 17.

[0152] FIG. 17B illustrates a wafer-flipping step of direct
bond transfer via Van der Waals forces.

[0153] FIG. 17C illustrates a ROIC alignment step of
direct bond transfer via Van der Waals forces.

[0154] FIG. 17D illustrates a bonding graphene to an
oxide on the ROIC wafer step of direct bond transfer via Van
der Waals forces.

[0155] FIG. 17K illustrates a use of water electrolysis to
create hydrogen bubbles to separate the graphene from the
growth platform step of direct bond transfer via Van der
Waals forces.

[0156] FIG. 17F illustrates a growth substrate removal
step of direct bond transfer via Van der Waals forces.
[0157] FIG. 18A illustrates a graphene with channels or
divots for water access and more efficient bubble transfer
growth step of direct bond transfer via Van der Waals forces,
in accordance with the method steps set forth in FIG. 17.
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[0158] FIG. 18B illustrates a wafer-flipping step of direct
bond transfer via Van der Waals forces.

[0159] FIG. 18C illustrates a ROIC alignment step of
direct bond transfer via Van der Waals forces.

[0160] FIG. 18D illustrates a bonding graphene to an
oxide on the ROIC wafer step of direct bond transfer via Van
der Waals forces.

[0161] FIG. 18E illustrates a use of water electrolysis to
create hydrogen bubbles to separate the graphene from the
growth platform step of direct bond transfer via Van der
Waals forces.

[0162] FIG. 18F illustrates a growth substrate removal
step of direct bond transfer via Van der Waals forces.
[0163] FIG. 19A illustrates a Langmuir Blodgett deposi-
tion process as an alternative option for the bubble release
steps of FIGS. 17E and 18E.

[0164] FIG. 19B illustrates a controlled immersion and
bubble release step of the alternative option for the bubble
release step of FIGS. 17E and 18E.

[0165] FIG. 19C illustrates a graphene and PMMA fully
released step of the alternative option for the bubble release
step of FIGS. 17E and 18E.

[0166] FIG. 19D illustrates a drain solution (while the
graphene is aligned to the wafer) to transfer a layer onto a
target step of the alternative option for the bubble release
step of FIGS. 17E and 18E.

[0167] FIG. 20A illustrates a graphene growth step of
direct bond transfer via fusion bonding.

[0168] FIG. 20B illustrates a deposit cover material and
CMP or polish surface step of direct bond transfer via fusion
bonding.

[0169] FIG. 20C illustrates a wafer-flipping step of direct
bond transfer via fusion bonding.

[0170] FIG. 20D illustrates a ROIC preparation and ROIC
alignment step of direct bond transfer via fusion bonding.
[0171] FIG. 20E illustrates a bonding a cover material to
a ROIC watfer top insulator step of direct bond transfer via
fusion bonding.

[0172] FIG. 20F illustrates a growth substrate removal
from the ROIC wafer, leaving the graphene on the ROIC
step of direct bond transfer via fusion bonding.

[0173] FIG. 21A illustrates a glass carrier preparation step
of an adhesive temporary bond material process.

[0174] FIG. 21B illustrates room temperature ultraviolet
energy bonding step of an adhesive temporary bond material
process.

[0175] FIG. 21C illustrates an optional thin silicon wafer
growth step of an adhesive temporary bond material process.
[0176] FIG. 21D illustrates a bonding the graphene layer
to the target step of an adhesive temporary bond material
process.

[0177] FIG. 21E illustrates a laser glass release step of an
adhesive temporary bond material process.

[0178] FIG. 21F illustrates an apply tape step of an adhe-
sive temporary bond material process.

[0179] FIG. 21G illustrates a peel off the adhesive material
step of an adhesive temporary bond material process.
[0180] FIG. 22A illustrates an adhesive temporary bond
material process.

[0181] FIG. 22B illustrates an adhesive temporary bond
material process.

[0182] FIG. 23A illustrates a nickel deposition on a gra-
phene layer step of an adhesive temporary bond process with
a nickel deposition layer.
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[0183] FIG. 23B illustrates a tape lamination step of an
adhesive temporary bond process with a nickel deposition
layer.

[0184] FIG. 23C illustrates a tape peel and graphene

transfer step of an adhesive temporary bond material process
with a nickel deposition layer.

[0185] FIG. 23D illustrates a peel tape from the nickel
layer step of an adhesive temporary bond material process
with a nickel deposition layer.

[0186] FIG. 23E illustrates a wet etch to remove the nickel
layer step of an adhesive temporary bond material process
with a nickel deposition layer.

[0187] FIG. 24Ais an isolated view of a CMOS wafer step
for employment in the fabrication methods herein described.
[0188] FIG. 24B is an isolated view of a graphene growth
step of the method of FIG. 24A.

[0189] FIG. 24C is an isolated view of a graphene release
and transfer step of the method.

[0190] FIG. 24D is an isolated view of a CMOS integra-
tion step of the method.

[0191] FIG. 24E is an isolated view of a CMOS wafer step
of the method.

[0192] FIG. 24F is an isolated view of a packaging step of
the method.

[0193] FIG. 25A illustrates a graphene growth step of
direct bond transfer via fusion bonding.

[0194] FIG. 25B illustrates a deposit cover material and
CMP or polish surface step of direct bond transfer via fusion
bonding.

[0195] FIG. 25C illustrates a wafer flipping step of direct
bond transfer via fusion bonding.

[0196] FIG. 25D illustrates a ROIC preparation and ROIC
alignment step of direct bond transfer via fusion bonding.
[0197] FIG. 25E illustrates a bonding a cover material to
a ROIC watfer top insulator step of direct bond transfer via
fusion bonding.

[0198] FIG. 25F illustrates a growth substrate removal
from the ROIC wafer, leaving the graphene on the ROIC
step of direct bond transfer via fusion bonding.

[0199] FIG. 26A illustrates a graphene on a ROIC wafer
step of a CMOS integration method.

[0200] FIG. 268 illustrates a patterning a graphene layer
to form channels step of a CMOS integration method.
[0201] FIG. 26C illustrates a depositing an etch stop layer
over a graphene layer to step of a CMOS integration method.
[0202] FIG. 26D illustrates a deposit, pattern and etch a
thick insulator layer step of a CMOS integration method.
[0203] FIG. 26E illustrates a wet etch ESL, pattern and
DRIE oxide over interconnects step of a CMOS integration
method.

[0204] FIG. 26F illustrates an optional addition of work
function matching material prior to a via fill step of a CMOS
integration method.

[0205] FIG. 26G illustrates a deposit a barrier, liner,
copper plate, CMP step of a CMOS integration method.
[0206] FIG. 26H illustrates a deposit a barrier, liner,
copper plate, CMP step of a CMOS integration method.
[0207] FIG. 261 illustrates a deposit a barrier/adhesion
layer, deposit aluminum, pattern, etch aluminum intercon-
nect and pad layer step of a CMOS integration method.
[0208] FIG. 26J] illustrates a deposit SiO2 (e.g. CVD),
CMP, pad open etch step of a CMOS integration method.
[0209] FIG. 26K illustrates a DRIE well insulator down to
an etch stop layer step of a CMOS integration method.
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[0210] FIG. 26L illustrates a wet etch a thin etch stop layer
step of a CMOS integration method.

[0211] FIG. 26M illustrates a wet etch ESL open etch step
of a CMOS integration method.

[0212] FIG. 27 is an illustration of a top plane view of a
source and drain electrodes at the bottom of a well.

[0213] FIG. 28 is an illustration of using alternating ver-
tical metal layers to create an interdigitated type of effect to
maximize the of ratio channel width to channel length.
[0214] FIG. 29 is an illustration of the structure of FIG. 28
with a transistor material or an analyte-sensitive layer.
[0215] FIG. 30 is an illustration of using alternating ver-
tical layers of metal and transistor material to create an
interdigitated type of effect to maximize the ratio of channel
width to channel length.

[0216] FIGS. 31A-H illustrate process steps that may be
used to create the structure shown in FIG. 30.

[0217] FIGS. 32A-B illustrate how vias or chambers in the
transistor channel material may be formed thus allowing for
edge contact to the channel material.

[0218] FIG. 33 is an illustration of a well that uses carbon
nanotubes to create interdigitated transistors in a vertical
direction.

[0219] Having briefly described the present technology,
the above and further objects, features and advantages
thereof will be recognized by those skilled in the pertinent
art from the following detailed description of the invention
when taken in conjunction with the accompanying drawings.

DETAILED DESCRIPTION OF THE
DISCLOSURE

[0220] Accordingly, provided herein are devices, systems,
and methods of employing the same for the performance of
one or more chemical and/or bioinformatics analysis opera-
tions. Particularly, the devices, systems, and methods of the
disclosure are directed in part to 1D, 2D, or 3D field effect
transistor (FET) sensors, integrated circuits, and arrays
employing the same for analyte measurements. The present
FET sensors, arrays, and integrated circuits may be fabri-
cated using conventional CMOS processing techniques
based on improved 1D, 2D, or 3D FET sensor and array
designs that increase measurement sensitivity and accuracy,
and at the same time facilitate significantly small sensor
sizes and dense sensor array designs.

[0221] More particularly, such improved fabrication tech-
niques employing 1D, 2D, e.g., graphene, or 3D materials as
a reaction layer or structure provide for rapid data acquisi-
tion from small sensors to large and dense arrays of sensors.
Such arrays may be employed to detect the presence and/or
concentration changes of various analyte types in a wide
variety of chemical and/or biological processes, including
DNA hybridization, and/or nucleotide and/or protein
sequencing reactions. Accordingly, in particular examples,
graphene Field Effect Transistor (gFET) arrays facilitate
genetic and/or protein sequencing techniques based on
monitoring changes in various reactants within a zone
associated with the array, such as changes in ion concentra-
tion, e.g., changes in hydrogen ion concentration (pH), or
changes in other analyte concentrations, and/or binding
events associated with chemical processes relating to
sequencing synthesis, such as within a gated reaction cham-
ber of the gFET based sensor. Particularly, the present
disclosure is a chemically-sensitive graphene layered field-
effect transistor for analysis of biological and/or chemical
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materials that solves many of the current problems associ-
ated with nucleic acid sequencing, genetic, and/or bioinfor-
matics diagnostics.

[0222] Accordingly, provided herein is a system for analy-
sis of biological and/or chemical materials. In various
embodiments, the system includes a substrate, where the
substrate includes one or more chamber and/or channel
arrangements therein, such as where the chamber and/or a
channel thereof may be associated with one or more sensors.
In particular instances, a solution gated well structure is
provided, such as where the well structure may be config-
ured such that a biological and/or chemical reaction may
take place within the well, such as proximate a channel
structure therein. In various instances, the well is positioned
on a portion of the substrate so as to align with an exterior
surface of the channel of each sensor, such as where the well
structure defines an opening allowing for direct fluid contact
with the channel.

[0223] In various instances, the length of the interior
surface, e.g., the channel, of the well, such as from the
source to the drain may range from 0.05 micron to 3
microns, and a width of the surface and/or channel may
range from 0.5 micron to 2 microns. In particular instances,
the well structure may be configured to include or otherwise
be associated with a nucleic acid template, such as a nucleic
acid that may be directly or indirectly immobilized on a
surface of the well. For instance, in certain instances, the
nucleic acid template may be bound to an interior surface of
the well chamber, such as on the substrate itself, or a layer
associated therewith, e.g., a layer composed of a one- or
two-dimensional transistor material. In various embodi-
ments, the nucleic acid template may be bound to a second-
ary substrate, such as a bead positioned within the well, such
as proximate the graphene layer.

[0224] Accordingly, in one aspect of the present disclo-
sure, the sensor substrate may be configured as a chemically-
sensitive field-effect transistor (FET). Particularly, in certain
embodiments, a field effect transistor may be provided, such
as where the FET includes a chamber having a channel
structure incorporated therein. In particular embodiments,
the chamber and/or the channel and/or a structure thereof
may be optimized in such a manner so as to maximize the
ratio of channel width (W) to channel length (L). For
instance, the channel may include a 1D or 2D or 3D
structure, such as where the channel and/or the channel
structure includes a geometry that has been optimized to
maximize the ratio of channel width (W) to channel length
(L). This can be done through the use of interdigitated source
and drain electrode geometries in a single plane or through
the use of 2D and/or 3D electrode structures, such as a 3D
interdigitated well structure.

[0225] In such an instance, the transistor may include a
conductive source and a conductive drain forming the chan-
nel structure, which channel structure extends from the
conductive source to the conductive drain. In such an
instance, the opening of the well is positioned in relation to
the channel so that the opening aligns with the positioning
of the source and drain, and more particularly with the
associated sensor. As indicated, in various embodiments, a
bounding surface of the well includes a one-dimensional
(1D) transistor material, such as a carbon nanotube (CNT) or
a semiconductor nanowire, or a two-dimensional (2D) tran-
sistor material, such as composed of graphene, molybdenum
disulfide, other metal dichalcogenides, and black phospho-
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rous. In various instances, a three-dimensional (3D) struc-
ture may be included such as set forth in FIG. 11.

[0226] For example, the transconductance through the
channel may be modified in various manners, so as to
modulate, e.g., increase, the sensitivity of the sensors, such
as in the sensor array. Particularly, in various instances, it
may be useful to configure the chamber and/or well so as to
have a short channel length and a wide channel width, such
as the shortest channel length and largest channel width
possible, given the configuration of the one or more cham-
bers in the one or more sensor arrays. More particularly, the
equation for transconductance of the field effect transistors
disclosed herein is: g,,«uC,,, W/L V_;; where g,, is the
transconductance, [ is the carrier mobility, C, , is the overall
capacitance of an included oxide or other layers over the
transistor, W is the channel width, L is the channel length
and V, is the voltage from the source to the drain. Since g,
directly relates to the sensitivity of the sensor it is desirable
to increase gm through the terms shown in the equation. In
particular increasing the W/L ratio (maximizing W and
minimizing L) will increase g,,.

[0227] In particular instances, the length of the channel
from the source to the drain ranges is less than 1 micron,
such as less than 500 nm, including less than 50 nm, and in
particular instances: as short as the fabrication process will
allow without generating defects or results that render the
device unusable. In one particular embodiment the channel
length may be 20 nm or less. Conversely, the width of the
channel may be as wide as feasible and/or possible. In such
an instance as this, the width of the channel need not be
governed by the fabrication process as much as by the design
requirements of the overall sensor chip. For instance, in
specific instances, hundreds of thousands to millions of
sensors may be included in an exemplary sensor chip.
[0228] However, with such a large number of sensors,
each individual sensor size and/or pitch, e.g., which may
directly affect the channel width, should be kept reasonably
small so as to prevent the chip from being so large as to be
unable to be fabricated (e.g., such as exceeding the photo-
lithography reticle size) or too expensive (e.g., due to the
effect of defect density on a large chip size). Hence, in one
implementation, e.g., of a rectangular channel design, a
practical range of the channel width may be from 0.1 micron
to 2 microns. As indicated above, in some instances, it may
be desirable to increase the channel length to channel width
ratio, such as through the use of various design techniques.
In one particular exemplary instance, a structure, such as an
interdigitated tooth and comb structure, can be provided
such as for short channel lengths and large channel widths,
such as within a relatively compact area, such as shown in
FIG. 11, which depicts various designs of interdigitated
source and drain electrodes that may be implemented so as
to increase the W/L of the channel within a relatively small
area.

[0229] Another aspect of the present disclosure is the
application of an ion sensitive layer to the channel to
improve the sensitivity ofthe 1D or 2D or 3D material of the
field effect transistor. Hence, the 1D and/or 2D layer may
further be associated with an insulator material. For
instance, the insulator material for the well structure may be
an organic material, such as a polyimide or BCB, and/or may
be an inorganic material, such as silicon oxide or silicon
nitride. Alternatively, the channel is composed of a silicene.
Additional alternative materials for the channel include
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borophene, WS2, boron nitride, stanene (2D tin), ger-
manane, nickel HITP, and Mxenes (Ti2C, (Ti0.5, Nb0.5),
V2C, Nb2C, Ti3C2, Ti3CN, Nb4C3 and Ta4C3), and the
like.

[0230] In particular instances, a reaction layer may be
provided, such as a layer associated with the 1D or 2D, e.g.,
graphene, layer. For instance, in one embodiment, a thin
(O.Olmicron) passivation or etch stop layer may be placed
over the graphene layer, such as in the case where a well etch
process affects the graphene layer. In various instances, an
oxide layer may be included, such as disposed within the
chamber and/or channel thereof. Particularly, in various
embodiments, a method for depositing the dielectric layer
may include Atomic Layer Deposition (ALD). Another
method for creating an analyte-sensitive layer may be to first
deposit a metal layer (e.g., by sputtering or evaporation)
onto the 1D, 2D, or 3D material layer and then oxidizing the
metal to form a metal oxide layer. It is further possible to
combine material layers using different deposition processes
such as to create an analyte-sensitive layer—for example a
first layer may be comprised of sputtered metal that is
oxidized, followed by a layer comprised of an ALD depos-
ited oxide. It is also possible to combine two or more
analyte-sensitive layers, such as comprised of different
materials to create an overall analyte-sensitive layer stack.
For example a first layer of metal, e.g., aluminum oxide,
may be formed over the channel material and then a second
layer of metal, e.g., tantalum oxide, may be formed over the
aluminum oxide. In some embodiments an analyte-sensitive
dielectric layer need not be required nor used.

[0231] However, where employed, the oxide layer may be
configured so as to prevent the nucleic acid template, e.g.,
present on a micro- or nano-bead, as presented herein, from
contacting the 1D or 2D material or other reaction layer of
the chamber directly. The oxide layer may be composed of
an aluminum oxide, tantalum oxide, and/or a silicon oxide.
In various instances, the oxide layer may have a thickness of
9 nanometers or less. In further instances, the chemically-
sensitive field-effect transistor can read through the oxide
layer. In particular instances, the well structure may include
a permeable membrane associated with the graphene layer.
[0232] In one aspect of the present disclosure is a chemi-
cally-sensitive transistor, such as a field effect transistor
(FET) that is fabricated in a stacked configuration including
a primary structure, such as a wafer, e.g., a silicon wafer, as
well as one or more additional structures. For instance, an
insulator material layer may also be included on top of the
primary structure, and may be an inorganic material. The
first and second structures may include a further structure
containing one or more of a conductive source and/or a
conductive drain, such as separated one from another by a
space, and embedded in the primary and/or secondary struc-
tures and/or may be planar with a top surface of the
secondary structure or a further layer or structure associated
therewith. In various instances, the structures may further
include a processor, such as for processing generated data,
such as sensor-derived data. Accordingly, the structures may
be configured as, or otherwise include, an integrated circuit,
and/or may be an ASIC, a structured ASIC, or an FPGA.
[0233] For instance, as can be seen with respect to FIGS.
1A-1D, a graphene layered substrate 10 for a chemically-
sensitive field-effect transistor, such as for a system for the
analysis of chemical and/or biological materials is provided.
The substrate 10 includes a primary base structure, such as
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composed of silicon. In various instances, the silicon based
primary structure 10 may be configured as a complementary
metal-oxide semiconductor (CMOS). The primary structure
may include one or more additional structures such as an
insulator material layer 20. For example, the substrate may
be in a stacked configuration such as where a secondary
structure 10, e.g., including an insulator material 20, is
deposited or otherwise fabricated on top of the primary
structure 10.

[0234] The structured primary 10 and/or insulator layers
20 may further include a reaction layer 26. For instance, the
stacked structured layers may be configured to include a
further structure, such as a channel structure, which in turn
may be adapted as the reaction layer 26. Particularly, in
certain instances, the insulator layer 20 may include a
channel 26, such as containing one or more of a conductive
source 22 and/or a conductive drain 22, such as separated
one from another by a space 26, and embedded in the
primary structure 10 and/or insulator material 20, and/or
may be planar with a top surface 21 of the insulator layer 20.
The source 22 and drain 24 may be composed of metal, such
as damascene. In various instances, the insulator material for
the channel structure 26 may be an organic or an inorganic
material. In a particular instance, the organic material may
be a polymer, polyimide, BCB or other like material. In
another instance, the inorganic material may be a silicon
oxide, e.g., a silicon dioxide, or a silicon nitride or other
metal oxide or nitride.

[0235] In particular instances, the structures may be con-
figured as a complementary metal-oxide semiconductor
(CMOS) 1, which in turn may be configured as a chemi-
cally-sensitive FET containing one or more of a conductive
metal source 22, a conductive metal drain 24, a channel or
other reaction zone 26, and/or a processor. For instance, the
FET 1 may include a CMOS structure having an integrated
circuit that is fabricated on a silicon wafer 10, which further
includes a silicon dioxide insulator layer 20, including a
conductive damascene copper source 22 and a conductive
damascene copper drain 24, which may be embedded in at
least the insulator layer 20. In various instances, the struc-
tures may include a surface 21, e.g., a top surface, which
surface may include the channel 26, such as where the
surface and/or channel may be configured as a reaction zone
26 that extends from the conductive source 22 to the
conductive drain 24. An exemplary length of the surface
and/or channel 26 from the source to the drain may range
from about 0.001 microns to about 10 microns, such as from
about 0.01 microns to about 5 microns, for instance, from
about 0.05 micron to 3 microns, including about 0.1 or about
0.5 microns to about 1 or about 1.5 or about 2 microns. An
exemplary width of the surface and/or channel from side to
side may range from about 0.001 microns to about 10
microns, such as from about 0.01 microns to about 5
microns, for instance, from about 0.05 microns to 3 microns,
including about 0.1 or 0.5 microns to about 1 or about 1.5
or about 2 microns.

[0236] In certain instances, the surface and/or channel
region may form a reaction layer 26 that may include a
material layer 30, which material layer may be a one-
dimensional (1D) transistor material, a two-dimensional
(2D) transistor material, a three-dimensional (3D) transistor
material, and/or the like. Accordingly, in various instances,
a 1D transistor material may be included, which 1D material
may be composed of a carbon nanotube or a semiconductor
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nanowire. In other instances, a 2D transistor material may be
included, which 2D material may include a graphene layer,
silicene, molybdenum disulfide, black phosphorous, and/or
metal dichalcogenides. In various instances, a 3D material
may also be provided.

[0237] For instance, in various embodiments, the material
layer may be a single layer, 2D material, such as a graphene
layer 30. Particularly, as can be seen with respect to FIG. 1B,
graphene is a two-dimensional, monolayer of carbon atoms
that are arranged as a lattice structure. This lattice structure
forms regular hexagons with a carbon atom at each vertex.
In such an instance, the bond length between adjacent
carbon atoms may be about 1.42 A and the lattice constant
may be about 2.46 A. This molecular structure is very
unique in that each carbon atom shares one of its four free
valence electrons with three of its adjacent and planar
carbon atoms such that each of the three planar carbon atoms
is orientated at about a 120° with respect to the other three
carbon atoms. Such an orientation gives graphene its hon-
eycomb, lattice structure. Additionally, the fourth valence
electron forms a pi bond, perpendicular to the three planar
sigma-bonded carbon atoms, which is responsible for the
unique electronic characteristics of graphene.

[0238] Particularly, the single-layer, two-dimensional
structure of graphene gives it at least three important char-
acteristics with respect to its use herein: it creates the
presence of a bandgap, it makes the graphene layer a
semimetal, and it promotes rapid charge transport (mobility
and high-field transport) at room temperature. Hence, in
various instances, a graphene FET, as herein described
performs better as a biological sensor than a typical CMOS-
FET device not having such a reaction layer. For instance,
with respect to hybridization detection and/or sequencing, a
traditional MOSFET transistor may have fundamental limi-
tations in its sensitivity (due to channel thickness and
intervening insulating layers), whereas the present gFET
with its single atom thickness can be employed to form a
solution gated reaction zone and/or channel, wherein the
graphene layer may be in direct contact with the chemical
reaction zone. Specifically, the reaction layers may include
a 1D, 2D, and/or 3D structure 30 may be configured so as to
have a much higher carrier mobility than the typical doped
silicon commonly used in MOSFET or ISFET devices. This
gives the herein disclosed 1D, 2D, and/or 3D FET sensor
devices increased sensitivity to and faster detection of
chemical reactions. Further, in various instances, the surface
and/or channel 26 may include or make up a dielectric layer,
such as for further increasing sensor sensitivity and/or
functioning.

[0239] Additionally, FIG. 1C depicts an alternative 2D
material layer 30 that may be employed so as to increase
sensitivity of the sensor so as to better enable the FET 1 to
determine the presence and/or identity of one or more
reactants and/or products thereof that results from the occur-
rence of a chemical and/or biological reaction that takes
place proximate a reaction zone 26 of the FET device. As
can be seen with respect to FIG. 1C, the 2D material layer
in this instance is a molybdenum disulfide. Further 2D
materials, as presented herein to increase sensitivity of the
sensors include a black phosphorous layer, as depicted in
FIG. 1D, and silicone as depicted in FIG. 1E. Alternatively,
a 1D material, such as a carbon nanotube may be employed
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for these enhancement purposes, such as presented in FIG.
1F. A semiconductor nanowire structure, as depicted in FIG.
1G may also be used.

[0240] In various instances, as can be seen with respect to
FIG. 1H, a reaction layer 34, e.g., an oxide layer, may be
disposed on the surface and/or channel 26, such as layered
or otherwise deposited on the 1D, 2D, e.g., graphene, or 3D
layer 30. Such an oxide layer 34 may be an aluminum oxide
or a silicon oxide, such as silicon dioxide. In some embodi-
ments, the oxide layer may have a thickness of about 20
nanometers, such as about 15 nanometers, such as 10 or 9 or
7 or 5 nanometers or less. Particularly, the oxide layer 34,
when present, may be composed of an aluminum oxide, a
silicon oxide, a silicon dioxide, and the like.

[0241] In various instances, a passivation layer 36 may be
disposed or otherwise be included on the surface and/or
channel 26, such as layered or otherwise deposited on the
1D, 2D, e.g., graphene, or 3D layer 30 and/or on an
associated reaction or oxidation layer 34 on the surface
and/or channel 26. More particularly, the oxide and/or
passivation layers may have a suitable thickness such as of
from about 100 nm or about 75 nm to about 10 nm or 9 nm
or less, such as about 0.5 microns or about 0.1 microns or
about 50 nanometers or less to about 20 nanometers, such as
about 15 nanometers, such as about 7 or about 5 nanometers
or less, respectively.

[0242] As can be seen with respect to FIG. 11, in particular
instances, the primary 10 and/or secondary 20 structures
may be fabricated to include or otherwise be associated with
a tertiary structure 35, such as may be comprised of a silicon
dioxide material. In various instances, the tertiary layer may
be fabricated or otherwise configured so as to include a
chamber or well assembly 38 in and/or on the surface 21. For
instance, FIG. 11 depicts a field effect transistor in a stacked
configuration and having a well structure 38, which well
structure may be positioned on a portion of a surface, e.g.,
an exterior surface, e.g., 21, of a primary 10 and/or second-
ary structures 20. In some instances, the well structure 38
may have a plurality of walls or bounding members 39a¢ and
395 set apart from each other by a distance that may be
coincident with the space 26 so as to form the vertical
boundaries of the chamber 38, e.g., with the space 26
forming the horizontal, bottom boundary. In particular
instances, the horizontal surface of the space 26 may be
configured as a reaction zone so as to form a reaction region
within the well 38. Particularly, boundaries 394 and 396 may
be formed on top of, or may otherwise include at least a
portion of the 1D, 2D, e.g., graphene, and/or 3D material 30,
and/or may additionally include the reaction 34, e.g., oxide,
and/or passivation layers 36 (See FIG. 2B). In various
instances, the chamber and/or well structure 38 may define
an opening 37, such as an opening that allows access, e.g.,
fluidic access, to an interior of the chamber 38, such as
allowing direct contact with the 1D, e.g., carbon nanotube or
nanowire, 2D, e.g., graphene, or other 3D structure associ-
ated with the surface and/or channel 26.

[0243] Certain embodiments of chemically-sensitive
field-effect transistors may be fabricated in a manner to
increase the contact surface area between the electrodes and
the material used to form the channel. For example, a
substrate may be provided, e.g. a silicon substrate. An
insulating dielectric layer, e.g. an oxide layer, may then be
deposited on the substrate, into which a plurality of materials
may be deposited so as to form a channel region within the
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dielectric layer. Thus, the dielectric layer may be processed
in a manner of different ways, as set forth herein, so as to
produce a channel, such as a channel comprising a 1D or 2D
or even a 3D material extending between a plurality of
electrodes, such as a source and drain electrode. Accord-
ingly, once deposited and suitably positioned above the
substrate layer, the dielectric layer may be subjected to
further processing so as to form a channel region, the
channel region being formed between two opposed elec-
trodes.

[0244] For instance, in an exemplary embodiment
depicted in FIG. 1], a plurality of trenches 23a and 235 may
be formed in the insulating dielectric layer 20, one trench
separated from the other by a distance 27. Trenches 23a and
23b are for receiving conductive material and forming
electrodes. FIG. 1] provides a side-cutaway view of the
dishing process to form the trenches in the dielectric layer of
the CMOS-FET sensor of the disclosure. Specifically, each
separate trench may be formed in a number of suitable
manners, such as by cutting or carving, or etching, or
otherwise cupping out, and the like. For instance, the
trenches may be formed through etching, such as dry or wet
etching. Additionally, once formed the trench and/or sur-
rounding material may be planarized, so as to form a divot,
such that a first part of the dielectric region is at a higher
level than a second part of the dielectric material, such as
surrounding where the electrode is to be present.

[0245] Following formation of trenches in the insulating
dielectric layer, a conducting material, such as copper, e.g.,
Damascene copper, or gold, or platinum, and the like may be
inserted into the trenches to form the electrodes. This surface
area may then be patterned before or after the application of
the 1D or 2D material layer.

[0246] It is to be noted that configuration of the formed
trench is useful for several purposes. For instance, the trench
may be cupped out and the metal applied in such a manner
that once deposited, a portion of the metal electrode is raised
above the bounding surfaces of the trench. This exposure
and/or projection above the trench is useful because it forms
the contact with the 1D and/or 2D or 3D material that forms
the channel structure. Hence, when applying the metal to the
formed trench area, the metal should be filled so that its final
structure is raised above the substantially planar surface of
the oxide dielectric layer, as can be seen with respect to FIG.
1K. Accordingly, FIG. 1K provides a top-plane view of the
etched out dielectric layer 20, where the electrodes 22 and
24 have been deposited. Electrodes 22 and 24 extend
upwards and stand above the surface of the dielectric layer
20. Once the electrodes have been formed in a manner akin
to that above, the platform surface may then be treated or
otherwise processed, such as by a chemical-mechanical
planarization (CMP) process, which process is partly a
chemical treatment and partly a mechanical polishing treat-
ment so as to produce a profile on the electrodes that differs
from that of the surrounding insulating dielectric layer.
Specifically, as can be seen with respect to FIG. 1L, the
dielectric layer 20 and electrode layers 22, 24, and 25 may
be treated, e.g., via CMP, so as to produce a dishing effect,
which thereby allows the electrodes when deposited and
processed, e.g., polished, to stand up or otherwise project
above the surface of the dielectric layer 20. In this instance,
the surface of dielectric layer 20 has been planarized and
then has been etched down so as to allow the electrodes 22,
24, and 25 to stand up above the etched and planar surface
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of dielectric layer 20. This offset between the surface of the
deposited electrode and the surface of the insulating dielec-
tric layer is useful because it allows for greater contact with
the 1D and/or 2D material once deposited over the elec-
trodes in a manner so as to form the channel, such as the
channel between the first electrode, serving as the source,
and the second electrode serving as the drain. This exposed
configuration is important, therefore, for at least in that it
increases the surface area of contact and allows for better
contact fabrication as well as for better transport through the
contact.

[0247] Accordingly, in various embodiments, as seen with
respect to FIGS. 1M and 1N, the processed and/or polished
surface of an electrode may be further processed, such as by
being subjected to a plating process so as to add additional
material to the contact region, e.g., to increase its surface
area and/or to give the contact region of the electrode a
desired shape or configuration prior to the deposition of the
1D or 2D material layer thereon. Such plating may be
performed in a variety of different ways, such as an elec-
trolytic process and/or an electroless plating process, which
allows the auto-catalytic plating on top of the deposited
electrodes, so as to further build up a configuration, e.g., a
bump with a more pronounced offset above the dielectric
layer. FIGS. 1M and 1N show plated bumps 225, 245, and
25b on electrodes 22a, 24a, and 25a that extend above the
surface of oxide layer 20. In the embodiment depicted in
FIG. 1N, plated bumps 245, and 255 extend laterally slightly
past the edges of electrodes 24a, and 25a. The additional
material may be any form of conducting material, such as a
metal. In certain embodiments, an electrode may be sub-
jected to an additional plating process such as that described
above, without an etching or other treatment to reduce the
height of the insulating dielectric layer surrounding the
electrode.

[0248] In various instances, once formed, the electrode
may then be contacted with a 1D, 2D, and/or 3D channel
forming material in such a manner that a channel forms
between the first and second electrodes, that is between the
source and drain electrodes. In certain instances, the layering
or otherwise depositing of the 1D or 2D material over the
channel area, so as to form the channel between the source
and drain electrodes, is performed in such a manner so as to
increase the surface area of one or more edges of the channel
material coming into contact with the electrode material.
This is useful because carrier mobility may be increased
through the interface of the electrode and the channel
member at these one or more edges. Hence, it has been
discovered that increasing contact efficiency increases car-
rier mobility through the channel. Accordingly, presented
herein are field effect transistors that have optimal channel
electrode interfaces that maximize this contact.

[0249] For instance, as described herein above, the 1D or
2D material layer positioned between the electrodes may be
arranged in such a manner that only a bottom surface of the
1D or 2D material contacts the electrode surface, e.g., a
bottom side contact. However, in some embodiments, the
configuration of the contact area may be configured such
that as the 1D or 2D material contacts the electrode material
it does so in a manner so as to form an edged interface,
which edge configuration may be particularly useful in
increasing the flow efficiency of carriers through the chan-
nel. Further, this contact region may additionally be config-
ured to include one or more of a bottom side contact, an edge
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side contact, a top side contact, as well as multiple edge
contacts, and interior and exterior side or edge contacts.
[0250] In various instances, such as those shown with
respect to FIG. 10, the graphene and/or electrode layers may
be additionally configured to further increase the relevant
surface area of the contact. For instance, once the graphene
layer 26 has been deposited, one or more openings 31 or
holes or divots may be made into the material layer, which
then may be subjected to another plating process to further
build a metal contact surface with the graphene layer 26,
thereby increasing contact between the graphene layer 26
and the electrode layer 22.

[0251] In one embodiment, the holes or openings may be
formed using a lift-off process. For example, FIG. 10 shows
a side sectional diagram of a graphene layer 226 and
electrode layer 222 with a reverse photoresist 202 on top of
the electrode layer 222. Insulating dielectric layer 220 is
proximate electrode layer 222. The diagram of FIG. 10
shows graphene layer 226 just prior to a hole in being
formed where the reverse photoresist 202 is located. Reverse
photoresist 202 is destroyed, removing the portion of graph-
eme layer 226 associated with reverse photoresist 202, and
leaving only the portion of the graphene layer 226 in the
region where the reverse photoresist is not underneath
graphene layer 226. Accordingly, in various instances, a hole
may be made through the graphene layer to the underlying
metal layer of the electrode, which hole may then be filled
with a secondary metal material, which material may be the
same or different metal as the electrode, and thus an enlarged
surface area contact is formed, as illustrated by FIG. 10. In
some embodiments, the electrode material may come up
through the bottom of the holes to cover at least a portion of
the top of the graphene layer, or metal may be plated on top
of the graphene layer and travel downwards into the holes
thereby contacting the electrode metal layer thereunder. In
certain embodiments, a lift-off process may also be used to
separate channels of 2D material from each other and to
electrically isolate individual channels with only specific
electrode pairs.

[0252] Accordingly, in various embodiments, once the
electrodes have been fashioned and/or the 1D or 2D channel
formed in conjunction therewith, e.g., such that the channel
material extends between the source and drain electrodes,
one or more of the contact regions between the channel
material and that of the electrode material may be further
processed. For instance, as can be seen with respect to FIGS.
1P and 1Q, the contact area of the channel material 26 may
be patterned, e.g., one or more openings 31a, 315, 31¢ may
be made in the channel and other associated material layers
to enlarge an additional surface area, and a second metal
portion or cover 22b, 245, and 25b may be deposited into the
openings 31a, 315, 31c¢ and/or at this area, thereby creating
a further contact interface between the metal electrode
material 22a, 24a, and 25a, and the channel material 26.
[0253] The second metal portion may extend vertically
above the surface of the 2D materials, as well as laterally on
top of the 2D material a distance that is greater than the
diameter of each opening. The shape of the openings 31a,
314, 31¢ may have any suitable configuration such as round,
elliptical, square, rectangular, rhomboidal, and the like, so as
to maximize the effect contact area. Hence, in such a
configuration, the contact area between the channel material
and the electrode material may include one or more of a
bottom contact area, an outside contact area, an inside
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contact area (see FIG. 1P), and/or a top contact area (see also
FIG. 1Q). Thus, once the 1D or 2D material layer is applied
over the electrode layer of the dielectric layer, the 1D or 2D
material may be patterned, so as to create an opening in the
contact region, which opening may then be filled with
another metal material layer, such as copper, silver, gold,
platinum, palladium, and the like, which second metal layer
may then be patterned as well, if desired.

[0254] Particularly, once the electrode area and 1D/2D
material interface has been formed in the desired configu-
ration, then, if desired, the surface thereof may be patterned.
For instance, once the 2D material, e.g., graphene, is laid
down, a photo-resist and/or mask having the desired con-
figured cutouts may be placed over the channel region
and/or graphene, such as where the pattern includes pro-
tected regions where patterning, e.g., etching, is not desired.
Once suitably protected where desired, then an etching
process, e.g., a dry or wet etching process may be employed
so as etch the surface of the 1D or 2D material and/or
channel region into the desired pattern where the 1D or 2D
material layer is not protected.

[0255] FIG. 1R shows another embodiment of electrodes
contacted by additional plating or electrically conductive
material through openings in a channel of 2D material, e.g.
graphene. Electrodes 302 and 304 are deposited in insulating
dielectric layer 300, as well as electrodes 322 and 324.
Electrode 302 may be a source electrode, and electrode 304
may be a drain electrode. Similarly, electrode 322 may be a
source electrode and electrode 324 may be a drain electrode.
Conductive deposits 306 and 308 (e.g. a metal) have been
deposited over openings 311 and 313 in 2D material 310,
respectively, and contact electrodes 302 and 305 through
their respective openings. Similarly, conductive deposits
326 and 328 are deposited over respective openings 331 and
333 of 2D material 330. Conductive deposits 326 and 328
contact respective electrodes 322 and 324 through their
respective openings. FIG. 1S shows a top view of the
electrodes 302, 304, 322 and 324 in FIG. 1R. 2D material
310 connects electrodes 302 and 304 to form a channel
between the electrodes; 2D material 330 similarly connects
electrodes 322 and 324 to form a channel between its
respective electrodes. Conductive deposits 306, 308, 326,
and 328 increase electrical connectivity and help maintain
2D materials 310 and 330 in place.

[0256] In some embodiments, multiple openings or holes
may be used to connect 1D, 2D, or even 3D material to
electrodes. An exemplary embodiment of such a configura-
tion is depicted in FIG. 1T. In the depicted embodiment, a
well 390 has been patterned above 2D material 260 out of
insulating dielectric material, for use in bio-sensing. Further
details of exemplary bio-sensing features are described
below and throughout the instant specification. In the
embodiment shown in FIG. 1T, an ion sensitive layer 370 is
positioned over 2D material 260. Multiple holes or openings
311a, 3115, and 311c, as well as 3134, 3135, and 313¢ have
been patterned through 2D material 260 and ion sensitive
layer 370. Conductive covers or deposits 356 and 358 are
positioned proximate respective electrodes 352 and 354 and
contact respective electrodes 352 and 354 through openings
311a-c and 313a-c in 2D material 260 and ion sensitive layer
370. In some embodiments, electrodes 352 and 354 may be
positioned in trenches created in insulating dielectric layer
350, as described above. Electrodes 352 and 358 connect to
a respective drain 381 and source 382 of an access transistor
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380 positioned in a substrate layer 348 (e.g. a silicon
semiconductor). A gate 384 allows control of signals
received from electrodes 352 and 354 into access transistor
380.

[0257] FIGS. 1U-1BB provide exemplary diagrams of a
semiconductor substrate at different stages of treatment to
create an integrated circuits for bio-sensing (e.g. nucleic acid
sequencing) as described herein. At FIG. 1U, an insulated
dielectric layer 402 is formed on a semiconductor substrate
400 (e.g. silicon or other semiconductor). Transistors and
interconnects on semiconductor substrate 400 may be pres-
ent in some embodiments, but are not depicted in FIGS.
1U-1BB. A conductive material layer 404 may then be
formed over insulated dielectric layer 402 (see FIG. 1V). In
some embodiments, the conductive material layer may be
deposited in trenches formed in insulated dielectric layer
402 (see, e.g. FIGS. 1J-1K and disclosure above).

[0258] The conductive material layer 404 may then be
patterned to form a source electrode 404a and a drain
electrode 4045 (see FIG. 1W). A 1D or 2D material layer
406 may then be applied over electrodes 404a-b and insu-
lated dielectric layer 402 (see FIG. 1X). An analyte or ion
sensitive layer 408 may then be applied over 1D or 2D
material layer 406 (see FIG. 1Y). The ion sensitive layer 408
and 2D material layer 406 may then be patterned (see FIG.
17), using techniques described herein. In certain embodi-
ments, holes or openings may be created in ion sensitive
layer 408 and 2D material layer 406, as described above, and
a second conductive layer may be placed on top of the
openings or holes to electrically contact the electrodes 404a
and 4045. A second insulating dielectric layer 410 may then
be added on top of electrodes 404a and 4045 as well as ion
sensitive layer 408 and 2D material layer 406 (see FIG.
1AA) and then patterned to form a well 412 (see FIG. 1BB).
[0259] Once the appropriate electrode and channel struc-
tures have been formed proximate the dielectric insulating
layer, a second insulation layer may then be deposited over
the dielectric, electrodes, and channel layers, which second-
ary insulating layer may also be patterned, such as by
etching to form one or more chambers or wells, where the
opening of the chamber and/or well corresponds to the
formed channel region(s). Hence, in a manner such as this,
the substrate may be configured so as to include one or more
nano and/or micro chambers which may further be config-
ured to form one or more reaction wells.

[0260] Accordingly, as presented with respect to FIG. 2A,
a further aspect of the present disclosure is a bio-sensor 1.
The bio-sensor includes a CMOS structure 10 that may
include a metal containing source 22, e.g., a damascene
copper source, as well as a metal containing drain 24, e.g.,
a damascene copper drain, such as embedded within an
insulating and/or dielectric layer 20, e.g., positioned on top
of' the structure 10. The insulating layer may be an inorganic
material, such as a silicon oxide, e.g., a silicon dioxide, or a
silicon nitride, or an organic material, such as a polyimide,
BCB, or other like material. The bio-sensor may also include
a 1D or 2D or 3D layered, e.g., a graphene layered, surface
or channel 26 extending horizontally from the source 22 to
the drain 24, so as to at least be proximate therewith and
thereby form a reaction zone 26.

[0261] Inthis instance, the surface structure 26 completely
overlaps the source 22 and drain 24 regions. A further layer
of material 35 may be positioned over the surface and/or
channel region 26, which layer of material may further be
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etched or otherwise configured to include a well or chamber
structure 38 having a bottom surface that may be positioned
on or proximate a portion of an exterior surface of the 1D or
2D or 3D layer, such as to be coincident with the channel
region 26. In such an instance, the well structure 38 may be
a layered structure and may include a plurality of surfaces,
such as first 39a and second 395 wall structures, such as
extending from or otherwise being coincident with the
surface of the reaction zone 26. For instance, the wall
structures 29a¢ and 295 may partially overlap the surface
structure 26. Accordingly, FIG. 2A is an illustration of a
chemically-sensitive field-effect transistor having a gra-
phene layered well structure 38, such as for a system for
analysis of biological and/or chemical materials.

[0262] In particular instances, the well structure 38 may be
configured so as to define an opening 37 that allows for
direct contact with the surface 26, and thereby contact with
the 1D, e.g., nanotube, nanowire, and/or 2D, graphene,
layer. Hence, in various embodiments, the cavitated FET
device may be configured so as to include a plurality of
graphene wells or other chamber surfaces. In various
instances, the FET device may be configured as a CMOS
biosensor having a well structure 38 that further includes an
oxide and/or passivation layer 34, as shown in FIG. 2B,
which passivation layer 34 may be disposed in or on one or
more of the chamber surfaces 39. The CMOS structure 10
may additionally include the componentry typical of a
CMOS semiconductor and/or transistor such as used and/or
manufactured as a microchip. Hence, in certain instances, as
illustrated in FIG. 2B, the CMOS field effect transistor 1
may be configured as a chemically-sensitive transistor, and
may be adapted to include one or more structures, such as
nano- or micro-wells 38, that are formed as a reaction
chamber, into which a solution, e.g., a solution containing
one or more reactants, may be deposited, such as for the
performance of one or more biochemical reactions, such as
a nucleic acid hybridization and/or sequencing reaction. In
particular instances, the chamber 38 may include a layered
surface 26 having a 1D, 2D, or 3D material, and/or one or
more reaction 34 and/or passivation layers 36 deposited
therein. In such instances, the chamber of the CMOS device
may be configured as a solution gate and therefore the FET
may be adapted so as to be an ISFET, such as configured for
receiving the reactants necessary for performing an analysis
of biological and/or chemical materials, for instance, a
hybridization and/or sequencing reaction.

[0263] In some embodiments, as can be seen with respect
to FIGS. 2E and 2F, the chemically-sensitive field effect
transistor 1 may include a plurality of wells 38a-38e¢, having
a plurality of openings 37a-e, where each well 38 is asso-
ciated with one or more sensors, and may thus be configured
as an array, e.g., a sensor array. Such an array or arrays may
be employed to detect the presence and/or a change in
concentration of various analyte types, such as within the
wells 38, in a wide variety of chemical and/or biological
processes, including DNA hybridization and/or sequencing
reactions. For instance, the devices herein described and/or
systems including the same may be employed in a method
for the analysis of biological or chemical materials, such as
for whole genome analysis, genome typing analysis, micro-
array analysis, panels analysis, exome analysis, micro-bi-
ome analysis, and/or clinical analysis, such as cancer analy-
sis, NIPT analysis, and/or UCS analysis.
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[0264] In a particular embodiment, a multiplicity of the
wells 38 of the chemically-sensitive device may include a
reaction zone 26 containing a graphene layer 30 so as to
form a graphene FET (gFET) array 1. As herein described,
the gFET array 1 may be employed to facilitate DNA
sequencing techniques, such as based on monitoring
changes in hydrogen ion concentration (pH), changes in
other analyte concentrations, and/or binding events associ-
ated with chemical processes relating to DNA synthesis
and/or hybridization reactions, such as within the gated
reaction chamber or well 38 of the gFET based sensor 1. For
example, the chemically-sensitive field effect transistor 1
may be configured as an array of CMOS biosensors and/or
may be adapted to increase the measurement sensitivity
and/or accuracy of the sensor(s) and/or associated array(s),
such as by including one or more surfaces 26a-¢ or wells
38a-e having a surface layered with a 1D and/or 2D and/or
3D material 30, such as graphene, a dielectric or reaction
layer 34, a passivation layer 36, and the like.

[0265] For instance, in a particular embodiment, illus-
trated in FIGS. 2E and 2F, a chemically-sensitive graphene
field effect transistor (gFET) 1, such as a gFET having a
CMOS structure is provided, where the gFET sensor, e.g.,
biosensor, may be configured as a microchip, having a
plurality of wells 38 configured therein. In such an instance,
the microchip 1 may include a silicon base layer 10 within
which the circuit components of the transistor may be
embedded. A dielectric layer 20, which may be a silicon
dioxide layer, may be included, such as where the silicon
dioxide layer is embedded with a plurality of conductive
sources 22a-e and conductive drains 24a-e that are separated
from one another so as to form a plurality of gate regions
26a-e. In particular instances, the gate regions are config-
ured as a plurality of reaction zones 26a-e, where each
reaction zone may be contained within a well structure 38.
In such an instance, the microchip 1 may include a plurality
of gate regions 26a-¢ that are configured as a plurality of
solution gates 37a-e.

[0266] Particularly, in various embodiments, each sensor
of the plurality of sensors includes a graphene field effect
transistor. For instance, FIG. 2C depicts a top plane view of
a first embodiment of a field effect transistor 1 having a
channel structure 26 that is surrounded by a well structure
38, wherein a graphene layer 30 is deposited or otherwise
positioned over the channel structure 26. FIG. 2D depicts a
top plane view of another embodiment of the field effect
transistor 1 having a channel structure 26 that is surrounded
by a well structure 38, wherein an oxide layer 34 is deposited
or otherwise positioned over the graphene layer 30, which in
turn is positioned over the channel structure 26. Likewise,
FIG. 2E depicts a top plan view of an array for a system for
analysis of biological or chemical materials. In various
instances, the array may include a plurality of sensors and
one or more reference electrodes, such as a platinum or
Ag/AGCI reference electrode. FIG. 2F depicts a portion of
the wells of the array of FIG. 2E, in greater detail.

[0267] In various embodiments, one or more of the solu-
tion gates may include a graphene layered surface 30a-e,
which in various instances may further include one or more
oxide 34 and/or passivation 36 layers, such as layers that are
disposed on the surface(s) of the bounding members of the
wells or chambers 37 so as to increase the measurement
sensitivity and/or accuracy of the sensors and/or associated
array(s). Like above, in such instances, the solution gated
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chambers 37 of the arrays of the CMOS device may be
configured as an ISFET, and be adapted for receiving the
reactants necessary for performing various analyses of bio-
logical and/or chemical materials, for instance, one or more
hybridization and/or sequencing reactions.

[0268] Accordingly, in one aspect, a system is provided,
such as a system configured for running one or more
reactions on biological and/or chemical materials so as to
detect a presence and/or concentration change of various
analyte types in a wide variety of chemical and/or biological
processes. For instance, in some instances, the biological
material may be a nucleic acid or other biological molecule,
such as a protein, or the like. Hence, in particular instances,
the system may be adapted for performing a DNA hybrid-
ization and/or sequencing reaction. In other instances, the
analysis to be performed is for whole genome analysis,
genome typing analysis, genomic panels, exome analysis,
micro-biome analysis, and clinical analysis. In further analy-
sis procedures, one or more clinical analysis may be per-
formed such as a cancer analysis, NIPT analysis, and/or
UCS analysis.

[0269] As such, the system may include an array 130
including one or more, e.g., a plurality of sensors, such as
where each of the sensors includes or is otherwise associated
with a chemically-sensitive field-effect transistor having a
conductive source, a conductive drain, and a reaction surface
or channel extending from the conductive source to the
conductive drain. In particular instances, the array 130 may
include one or more wells configured as one or more
reaction chambers having the reaction surface or channel
positioned therein. In some instances, the surface and/or
channel of the chamber may include a one-dimensional
(1D), or two-dimensional (2D), or three-dimensional (3D)
transistor material, a dielectric or reaction layer, a passiva-
tion layer, and/or the like.

[0270] As can be seen with respect to FIG. 3A, the system
may include a fluidics subsystem 100 for directing and
controlling the flow of various fluids throughout the system
1. The fluidics system 100 may in turn include one or more
of a fluidics component 120, such as for use in performing
the reaction, e.g., delivering one or more analyte containing
solutions to the array 130 for the performance of the reaction
thereby, a circuitry component 140, such as for running the
reaction and/or detection processes, and/or a computing
component 150, such as for controlling and/or processing
the same. For instance, a fluidics component 120 may be
included where the fluidic component is configured to
control one or more flows of analytes and/or reagents over
the array 130 and/or one or more chambers thereof. Particu-
larly, in various embodiments, the system 100 includes a
plurality of reaction locations, such as surfaces 26, , and/or
wells 35,_,, which in turn includes a plurality of sensors
and/or a plurality of channels, and further includes one or
more fluid sources 120, e.g., containing a fluid having a
plurality of reagents and/or analytes therein, and fluid con-
duits, such as for delivery of the fluids from the source 120
to the one or more surfaces 26 and/or wells 35 of the array
130 for the performance of one or more reactions thereby. In
certain instances, a mechanism for generating one or more
electric and/or magnetic fields is also included.

[0271] As can be seen with respect to FIG. 3B, the system
100 may additionally include a circuitry component 140,
such as where the circuitry component may include an
address decoder 144, a sample and/or hold circuit 143, a bias
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circuitry 142, and/or at least one analog-to-digital converter
141. For instance, the address decoder 144 may be config-
ured to create a column and/or row address for each sensor
of the array 130, such as by associating a unique identifier
with each sensor, such as based upon its location within a
given row and column within the array 130. It may also be
configured for inputting or otherwise directing the various
operations that rely upon the addressing of operations for a
given well of the array. For instance, the address decoder
144 may target select signals to specific wells based on their
column and/or row identifiers, so as to access a sensor and/or
direct fluid flow to a given location, e.g., address within the
array 130. The sample and hold circuit 143 may be config-
ured to hold an analog value of a voltage to be applied to or
on a selected well or column and/or row line of an array 130
of'a device of the disclosure, such as during a read interval.
Likewise, the bias circuitry 142 may be coupled to one or
more surfaces and/or chambers of the array 130 and may
include a biasing component such as may be adapted to
apply a read and/or bias voltage to selected chemically-
sensitive field-effect transistors of the array 130, e.g., such as
to a gate terminal of the transistor. The analog to digital
converter 141 may be configured to convert an analog value
to a digital value 142, for instance, as a result and/or output
of the reaction within an identified well 35 or selection of
wells, e.g., a line of columns and rows.

[0272] Additionally, as can be seen with respect to FIG.
3C, a computing component 150 may also be included, such
as where the computing component 150 may include one or
more processors, such as a signal processor 151, a base
calling module 52, and an analytics module 153. The signal
processor 151 may be configured for determining one or
more bases of one or more reads of a sequenced nucleic acid,
such as results from a sequencing reaction. The base caller
of the base calling module 152 may be configured to correct
a plurality of signals, such as for phase and signal loss, to
normalize to a key, and/or to a generate a plurality of
corrected base calls for each flow in each sensor to produce
a plurality of sequencing reads. The analytics module 153
may be configured for performing one or more analytics
functions on the sequenced data, and may include one or
more of a mapping module, configured for generating one or
more seeds from the one or more reads of sequenced data
and for performing a mapping function on the one or more
seeds and/or reads; an alignment module, configured for
performing an alignment function on the one or more
mapped reads; a sorting module, configured for performing
a sorting function on the one or more mapped and/or aligned
reads; and/or an variant calling module, configured for
performing a variant call function on the one or more
mapped, aligned, and/or sorted reads. In various embodi-
ments, the device and/or system may include at least one
reference electrode.

[0273] Particularly, the system may be configured for
performing a sequencing reaction. In such an instance, the
device for performing the sequencing reaction may be
adapted from a complementary metal-oxide semiconductor
reformed to include one or more reaction chambers, e.g.,
micro or nano-wells, so as to form an array 130. The array
130 may be associated with one or more sensors having one
or more chemically-sensitive field-effect transistors linked
therewith. Such transistors may include a cascade transistor
having one or more of a source terminal, a drain terminal,
and or a gate terminal, such as forming a reaction zone. In
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such an instance, the source terminal of the transistor may be
directly or indirectly connected to the drain terminal of the
FET. In some instances, the gate terminal may be or may
otherwise include a channel configuration, and may further
include a one or two dimensional material associated with
the gate. The 1D or 2D material may extend from the source
terminal to the drain terminal, such as where the 1D channel
material may be a carbon nanotube or nanowire, and the 2D
channel material may be composed of graphene, silicene, a
phosphorene, a molybdenum disulfide, and a metal dichal-
cogenide. The device may further be configured to include
a plurality of arrays, such as arranged as one or more lines
of columns and rows coupled to the sensors in the array of
sensors. In such an instance, each column line in the
plurality of column lines may be directly or indirectly
connected to or otherwise be coupled with the drain termi-
nals of the transistors, e.g., cascade transistors, of a corre-
sponding plurality of sensors or pixels in the array, and
likewise each row line in the plurality of row lines may be
directly or indirectly connected to or otherwise coupled with
the source terminals of the transistors, e.g., cascade transis-
tors, of a corresponding plurality of sensors in the array.

[0274] In some instances, a plurality of source and drain
terminals having a plurality of reaction surfaces, and/or
associated channel members, extended there between may
be included, such as where each channel member includes a
one or two dimensional material. In such an instance, a
plurality of first and/or second conductive lines may be
coupled to the first and second source/drain terminals of the
chemically-sensitive field-effect transistors in respective
columns and rows in the array. Additionally, control cir-
cuitry 140 may be provided and coupled to the plurality of
column and row lines such as for reading a selected sensor
connected to a selected column line and/or a selected row
line. The circuitry may also include a biasing component
142 such as may be configured for applying a read voltage
to the selected row line, and/or to apply a bias voltage such
as to the gate terminal of a transistor, such as FET and/or
cascade transistor of the selected sensor. In a particular
embodiment, the bias circuitry 142 may be coupled to one
or more chambers of the array 130 and be configured to
apply a read bias to selected chemically-sensitive field-effect
transistors via the conductive column and/or row lines.
Particularly, the bias circuitry 142 may be configured to
apply a read voltage to the selected row line, and/or to apply
a bias voltage to the gate terminal of the transistor, e.g.,
cascade transistor, such as during a read interval.

[0275] A sense circuitry may be included and coupled to
the array so as to sense a charge coupled to one or more of
the gate configurations of a selected chemically-sensitive
field-effect transistor. Sense circuitry may also be configured
to read the selected sensor based on a sampled voltage level
on the selected row and/or column line. In such an instance,
the sense circuitry may include one or more of a pre-charge
circuit, such as to pre-charge the selected column line to a
pre-charge voltage level prior to the read interval; and a
sample circuit such as to sample a voltage level at the drain
terminal of the selected transistor, e.g., cascade transistor,
such as during the read interval. The sample circuit may also
be included and contain a sample and hold circuit 143
configured to hold an analog value of a voltage on the
selected column line during the read interval, and may
further include an analog to digital converter 141 to convert
the analog value to a digital value.
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[0276] In a further aspect, as seen with respect to FIG. 8A,
a biologically and chemically-sensitive FET sensor 1 is
provided wherein the sensor includes a stacked configura-
tion having a plurality of layers and/or structures therein. For
instance, a primary structure 10 includes an inorganic base
layer, e.g., a silicon layer, which is fabricated to contain or
may otherwise be configured as a CMOS FET. Accordingly,
stacked on top of the base layer 10 may be a secondary
structure 20 that may be configured as a dielectric layer
and/or another inorganic or organic insulator layer, such as
a silicon dioxide layer. The primary 10 and/or secondary 20
structures may additionally include or otherwise be config-
ured to contain a conductive source 22 and drain 24 embed-
ded in one or more of the structured layers, such as between
and/or forming a gate structure 26. In particular embodi-
ments, an additional structure or layer 35 may be positioned
above the primary and secondary layers, which layer 35 may
be etched to form one or more well structures 38, which well
structure may be coincident with and/or proximate to the
gate structure 26 so as to form a solution gate region
therewith. In various embodiments, the solution gate region
may include or otherwise be formed by the gate structured
layer 26 as well as the bounding wall members 39a and 395
forming the well structure 38, such as by extending laterally
upwards from the surface 21 and/or structured layer 26, and
having opening 37 positioned therein so as to access the gate
region 26.

[0277] The well structure 38 may further include one or
more additional structures and/or layers, such as a 1D or 2D
or 3D material 30 and/or an oxidation 34 and/or passivation
36 layers that may be positioned between the conductive
source 22 and drain 24 and/or between wall members 39a
and 395 in such a manner as to form a bottom surface and/or
reaction zone 26 of the chamber 37. In various instances, one
or more of the structures may further include or otherwise be
associated with an integrated circuit and/or a processor, such
as for generating and/or processing generated data, such as
sensor derived data, e.g. indicative of a sequencing and/or
hybridization reaction taking place within the well structure
38. In particular embodiments, a further structured layer 40,
e.g., a secondary or tertiary or quartier structure, may also be
provided, such as where the further structured layer may be
included and/or present on a surface 26 or otherwise within
the well or chamber 37, such as to enhance the ability of the
sensor and/or the processor to determine the difference
between a current and/or voltage applied across the source
22 and/or drain 24 of the transistor, as well as their respec-
tive associated charge curves, as described herein.

[0278] For instance, in the exemplary embodiment of FIG.
8A, a biologically and/or chemically-sensitive field-effect
transistor 1 having a graphene layered 30 well structure 37
containing a further structured layer 40 configured for
enhancing the sensitivity of an associated sensor. In this
embodiment, the structured well layer 40 is configured as a
permeable membrane that may be associated with the gra-
phene 30 and/or reaction 34 layers. Particularly, the chemi-
cally-sensitive FET sensor 1 includes a surface 21, which
surface may be within a well chamber 37, and be configured
as a reaction region 26. The surface 21 of the reaction region
26 may be coupled to or otherwise include a 1D or 2D
material such as a graphene layer 30 for detecting the
presence of one or more chemical and/or biological events
and/or elements resulting thereby. Accordingly, the surface
21 may be configured as a reaction region 26, and the well
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chamber 37 may be adapted such that a chemical and/or
biological reaction may take place therein. The surface 26
and/or graphene structured layer 30 may be coupled with or
otherwise include an additional structure, such as the per-
meable membrane 40, that is configured to enhance the
ability of the graphene-based sensor 1 to detect the presence
of a chemical and/or biological reaction. Particularly, the
additional structure 40 may be an ion-selective permeable
membrane that is positioned proximate to and/or over a
reaction zone 26, which may be configured as a channel, and
which membrane 40 may be adapted such that it only allows
ions of interest to travel through the membrane 40, while
excluding those ions that might cause interference with the
sensing capabilities of the sensor 1.

[0279] For example, in particular instances, the membrane
material 40 may be an organic or an inorganic material. A
suitable membrane may be an inorganic material such as an
oxide. An alternative material may be a separate layer, such
as an additional 1D or 2D material, e.g., of graphene, which
is not electrically connected to the FET or its component
parts, e.g., the source 22 and drain 24. Another alternative
material may be a polymer, such as Nafion, PEEK, a
perfluorosulphonic, and/or a perfluorocarboxylic material.
Alternatively, the material may be a HMDS or other silox-
ane, such as positioned under a graphene layer 30. Yet
another alternative may be a getter material, such as con-
taining a positive ion, e.g., NA*, which may be positioned
within the chamber 37, or may be positioned elsewhere on
the sensor, such as a wall 39a and/or 395 thereof, and/or in
a package that is adapted to attract unwanted ions. In another
embodiment, the sensor enhancement material 40 may be an
ion-selective functional layer(s) that is positioned over the
sensor and adapted so as to detect contaminants, unwanted
ions, or other impurities that may react with the reactants
within the well 38 such that their interactions with the sensor
1 and thus the various determinations that the sensor 1
makes with respect to the reactions taking place therein,
such as in relation to detecting the presence or absence of a
desired ion, can be filtered out.

[0280] Accordingly, the chemically-sensitive field-effect
transistors, as presented herein, for a system for analysis of
biological and/or chemical materials, may be configured as
solution gated field effect transistor devices having rows and
columns of reaction chambers formed therein. In various
instances, the field-effect transistors comprise a structure
having or otherwise being associated with a channel and a
processor. In such instances, the structure may include one
or more of an insulating structure, a conductive source, a
conductive drain, and/or a channel extending from the
conductive source to the conductive drain, such as where the
source and drain are embedded in the insulator and may be
positioned therein so as to be planar with a top surface of the
insulator. As indicated, in certain embodiments, the source
and drain may each composed of a damascene copper
material. Further, the channel may be composed of a one
dimensional transistor material or a two-dimensional tran-
sistor material. And where desired, a reaction layer may be
associated with the graphene layer, and in some instances,
may include a passivation layer or etch stop layer that may
be placed over the channel, such as between the two layers
and/or above the graphene layer.

[0281] As can be seen with respect to FIGS. 4A-4C, in
various instances, a chemically-sensitive field-effect transis-
tor 1 having a graphene layered micro- or nano-well struc-
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ture 38 is provided. The FET 1 is configured as a microchip
that includes a substrate layer 10 and an insulating layer 20
within which is embedded the various transistor components
including a conductive source 22 and conductive drain 24
which may be adapted to form a gate region 26. In this
instance, a graphene layer 30 may be positioned over the
insulating layer 20 and positioned so as to contact at least a
proximate portion of the source 22 and a proximate portion
of the drain 24. In this instance, the substrate layer 10 is
composed of silicon, the insulating layer 20 is composed of
silicon dioxide, and the source 22 and drain 24 are composed
of a conductive metal, such as copper.

[0282] The source 22 and the drain 24 are separated from
one another and positioned relative to the graphene layer 30
so as to form a gate structure 26. In this embodiment, the
gate structure 26 is further bounded by chamber walls 294
and 295, which together form the well 28 into which a fluid
may be delivered, such as for the performance of a bio-
chemical reaction, and thus, forming a solution gate con-
figuration. Particularly, an additional layer 35, which may
also be composed of silicon dioxide, may be positioned
above the first silicon dioxide layer 20, and be configured,
e.g., via micro etching, to form a micro- or nano-well 38 so
as to form a chamber 37, which chamber 37 may be adapted
to receive a solution so as to form the solution gate region.
The graphene layer 30 is disposed between the first 20 and
second 35 silicon dioxide layers such as to form the bottom
surface of the chamber 37. In this instance, the FET sensor
is configured to detect a change in ion concentration, e.g.,
pH, which occurs within the well 38 such as when a solution
containing reactants is added to the gate region within the
chamber 37, and the reactants interact with an additional
element contained within the chamber, such as a bound
nucleic acid template.

[0283] Particularly, one or more solutions may be added to
the chamber 37, such as in the performance of a bio-
chemical reaction. For instance, a first solution including a
nano- or micro-bead 60 may be added to the well 38. The
nano- or micro-bead may be treated so as to be associated
with one or more biopolymers, such as a DNA and/or RNA
template 65. Once the nano- or micro-bead containing
solution is added to the well 38, in such a manner that the
bead 65 is retained therein, one or more additional solutions
containing reactants, such as for the performance of a
biological and/or chemical reaction, may then be added to
the well 38. For example, where the biological and/or
chemical reaction is a nucleotide synthesis reaction, the
analyte containing solution to be added to the well 38 may
include a nucleotide and/or polymerase composition that if
the conditions are suitable within the chamber 37 will result
in a binding event occurring between the template molecule
65 and the nucleotide reactant, thus resulting in the reaction
taking place. Additionally, where the biological and/or
chemical reaction is a hybridization reaction, the bound
template molecule 65 may be configured as a probe, and the
analyte containing solution to be added to the well 38 may
include an additional DNA/RNA molecule of interest, which
if the conditions within the chamber 37 are suitable will
hybridize to the bound probe, thus resulting in the reaction
taking place.

[0284] In either instance, the sensor 1 may be configured
for detecting the occurrence of a reaction event taking place,
such as by detecting a change in the ionic concentration
within the solution within the chamber 37. Particularly, if the
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conditions are suitable for a reaction to take place, e.g., the
appropriate reactants are present, a binding event will occur
in such a manner that an ion, such as an H* ion, will be
released into solution, such as within the chamber 37 and/or
proximate the solution gate 26. In such an instance, the
sensor 1 may be configured to sense the evolution of the ion,
appreciate the change in pH, and detect that a reaction has
taken place. In such a manner as this, a DNA/RNA molecule
may be synthesized and/or a hybridization event determined.

[0285] Accordingly, as illustrated with respect to FIG. 4A,
a chemically-sensitive field-effect transistor 1 is provided
wherein the transistor 1 includes a graphene layered well
structure 38 containing a nano- or micro-bead 60 therein,
such as where the graphene layer 30 may be coincident with
a channel region 26 so as to form a reaction zone therewith.
Further, in various instances, such as illustrated in FIG. 4B,
in addition to a graphene layer 30, the reaction zone 26
within the chamber 37 of the well 38 of the transistor 1 may
further include a reaction layer 34, such as a reaction layer,
e.g., an oxide layer, associated with the graphene layer 30.
In addition to the reaction layer 34, the reaction zone 26 may
additionally include a passivation or ESL layer 36. Further-
more, as can be seen with respect to FIG. 4C, in certain
embodiments, the chemically-sensitive field-effect transistor
1 may include a plurality of nano- or micro-beads therein,
such as within the chamber 37 of the well 38 of transistor 1,
so as to allow a plurality of reactions to take place at the
same time involving a plurality of substrates, 60a and 605,
within the well, which increases the surface area for reac-
tions.

[0286] In some instances, it may be useful to provide a
mechanism for assisting the targeting of the microbead(s) 60
to the reaction zone 26 of the FET 1. Particularly, as can be
seen with respect to FIGS. 5A-E, a chemically-sensitive
field-effect transistor 1 is provided. In this instance, the
transistor 1 may be a multi-layered structure including a
primary, e.g., a substrate layer 10, a secondary structure
layer, e.g., an insulator layer 20, and may further include an
additional layer 35, e.g. a silicon dioxide layer, which layer
may be cavitated so as to include a divot 38, such as a divot
on a surface 21 of the substrate, and sized to at least partially
contain a nano- or micro-bead 60 therein. In certain
instances, the surface of the divot 38 may be centered such
that the bead 60 rests within the divot 38 so as to be
proximate the reaction zone 26 and/or a channel structure
associated therewith. In particular instances, the reaction
zone 26 includes a graphene layer 30 positioned at least
partially between the primary and tertiary layers, and in such
instances, a silicon dioxide layer 34 may be positioned
above the graphene layer within the reaction zone 26. In this
instance, to draw and/or attach the bead(s) 60 to the reaction
zone 26, an electromagnetic field may be employed. Hence,
as shown in FIG. 5A, a microbead 60 is positioned on the
transistor surface 21, within the reaction zone 26, and in
proximity to a channel.

[0287] More particularly, the reaction zone 26 of the FET
1 may be configured to include a channel region that is
formed to correspond to the region, e.g., point, of contact
between the surface of the graphene layer 30 and the bead
60. Further, to facilitate this contact, the FET 1 may include
an attracting mechanism 70 that is configured to attract or
otherwise draw the bead 60 in to proximity of the reaction
zone and/or channel 26. For instance, in particular instances,
the nano- or micro-bead 60 may include a charged and/or
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metallic element, and the attracting mechanism 70 may be
configured so as to generate an electric and/or magnetic
field, such as for drawing the bead 60 to the reaction zone
26. For example, in some embodiments, the electric field
generator 70 may be a pulse generator, and in other embodi-
ments, such as illustrated in FIG. 5A, the magnetic field
generator 70 may be a magnet.

[0288] Particularly, as shown in FIG. 5A, one or more
nano- or micro-bead 60 of the disclosure may be configured
for facilitating the performance of a bio-chemical reaction
such as on a reaction surface 26 of the sensor device 1. For
instance, in particular embodiments, each of the one or more
microbeads may include a biological material or a chemical
material, associated therewith. In such an instance, the bead
60 may be introduced to the surface 26 of the sensor device
1 of the system, such as for nucleic acid sequencing, in such
a manner that it is drawn or otherwise attracted to the surface
26, such as by electro-magnetism. For instance, the bead 60
may be configured to include electric charge and/or para-
magnetic properties so as to assist it in being drawn into
proximity of a reaction location 26 positioned on a surface
21 of the device 1, such as where the nucleic acid sequencing
reaction may take place. Hence, the device may include an
electro-magnetic field generating component 70 that is con-
figured to apply an electro-magnetic field that is focused
within the reaction zone 26 so as to interact with the electric
charge and/or paramagnetic properties of the bead 60
thereby drawing it into proximity of the surface 21 and/or in
to the reaction zone 26, such as via electro-magnetism. In
this instance, the layers and other components of the sensor
device 1 are configured in such a manner that the reaction
zone 26 need not include bounding members, or if included
the bounding members may be thin, allowing for a higher
density of wells on the array.

[0289] Alternatively, in other embodiments, such as pre-
sented in FIG. 5B, the bio-chemical sensor device 1 may
include a well structure 38 that is configured for receiving
one or more nano- or micro-beads, such as for nucleic acid
sequencing therein. For instance, each of the one or more
microbeads includes an analyte and/or reactant, which is
configured for participating in a reaction, such as a nucleic
acid hybridization and/or sequencing reaction. Accordingly,
the sensor device 1 may include a reaction location 26 that
may be configured as a surface within a well 38 of the device
1, such as where the reaction location 26 is proximate a
channel and/or sensor of the device 1. The nano- or micro-
bead 60 may be configured for use in a system for analysis
of biological and/or chemical materials such as on or within
a reaction surface 26, such as within a well 38 of the sensor
device 1. In this and other instances, the bead 60 may be
introduced to the surface 26 of the sensor device 1 of the
system in such a manner that it is drawn or otherwise
attracted toward the reaction surface 26, e.g., of a well
structure 38, where the nucleic acid sequencing reaction may
take place, such as by electro-magnetism.

[0290] For example, the bead 60 may be configured to
have an electric charge property and the bead attracting
mechanism 60 may be configured to emit an electric field
that is opposite in nature to the charge on the bead and is
thereby adapted for draw the bead 60 into proximity of the
reaction surface 26. In such an instance, an electric field
component generates an electric field to interact with the
electric charge properties of the microbead. Hence, the
microbead may be drawn to the reaction location using
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electrophoresis. In other instances, the bead 60 may be
configured to include paramagnetic properties so as to assist
it in being drawn or otherwise attracted toward reaction
surface 26, e.g., into the well 38, and into proximity of the
reaction zone, where the reaction may take place. The
device, therefore, may include a magnetic field generating
component 70 that is configured to apply an electro-mag-
netic field that is focused within the chamber 38 so as to
interact with the paramagnetic properties of the bead 60
thereby drawing it into the chamber 38 and/or proximate the
reaction surface 26, such as via magnetism. Particularly, in
various embodiments, the bead attracting mechanism 60
may be configured to emit a magnetic field that is opposite
in polarity to the paramagnetic properties of the bead and is
thereby adapted for draw the bead 60 into proximity of the
reaction surface 26. In such an instance, a magnetic field
component generates a magnetic field to interact with the
polar properties of the microbead. The use of magnetism
and/or electrophoresis allows for thinner reaction location
structures.

[0291] Additionally, as illustrated in FIG. 5B, in some
embodiments, the system and its components may be con-
figured such that when the electro-magnetic field is gener-
ated it interacts with the bead 60 and/or a component
associated therewith so as to pull the bead toward the
reaction zone 26. In other embodiments, as illustrated in
FIG. 5C, the system and its components may be configured
such that when the electro-magnetic field is generated it
interacts with the components of the bead 60 so as to push
the bead away from the reaction zone 26. Accordingly, the
electromagnetic fields can be generated and/or reversed so
as to attract or repulse the nano-/micro-bead to or from the
reaction location 26, such as to or away from a well 38, and
thus utilizing an electronic and/or magnetic field, the nano-
or micro-bead may be positioned within the device, such as
within a well thereof.

[0292] As illustrated in FIG. 5D a chemically-sensitive
field-effect transistor 1 is provided, such as for a system for
analysis of biological and/or chemical materials, such as by
utilizing an electric and/or magnetic field generating mecha-
nism such as for positioning of a nano- or micro-bead 60 in
relation to the reaction surface 26. For instance, in particular
instances, a voltage may be applied between a location
above the solution of the solution gate 37 and a location on
or below the reaction location 26, such as above the package
lid 72 and/or below a metal component, e.g., a plate, below
the package 72. In certain instances, the location below the
reaction location 26 may include a metal or other conductive
layer such as within the package or package substrate.
Hence, in various instances, the field generating mechanism
70 may be employed to generate and/or reverse an electric
or magnetic field so as to insert or eject one or more beads
from one or more wells, sensors, and/or channels associated
therewith, either entirely or selectively.

[0293] Particularly, as set forth in FIG. 5E, an array 1 of
chemically-sensitive field-effect transistors for a system for
analysis of biological or chemical materials is provided. The
array 1 includes a multiplicity of wells 38a-e each forming
a reaction location 26a-e whereon a bio-chemical reaction
may take place. Additionally, each reaction location 26 is
associated with a field generator 70a-e, e.g., a magnet, which
is configured so as allow for the selective filling of the
reaction locations 26 with one or more types of nano- or
microbeads 60a-e. Accordingly, by utilizing multiple field

Nov. 1, 2018

generators 70a-70e, e.g., multiple magnets, for generating a
plurality of electro-magnetic fields, the nano- or micro-
beads 60a-¢ may be positioned within the plurality wells
38a-e. Such positioning may be selective such as by select-
ing which generators will be on, off, or reversed, so as to fill
or not fill their respective wells 38a-e, as desired. In various
embodiments, the electromagnetic fields for any given well
38 may be reversed so as to expel a bead 60 from the well
38 and/or reaction zone 26.

[0294] Particularly, in a further aspect of the present
disclosure, a system having an array of chemically-sensitive
transistors, such as field effect transistors (FET) including a
plurality of chambers 37a-e having well structures formed
therein is provided. In such an instance, the wells 38a-e may
be structured as or may otherwise include reaction locations,
26a-e, wherein one or more chemical reactions may take
place. In such an embodiment, the system may include one
or more fluidics components having one or more fluid
sources, e.g., reservoirs, containing one or more fluids
therein and configured for delivering the fluid from the
reservoir to the reaction chamber, such as for the detection
of a biologic and/or the performance of one or more chemi-
cal and/or biological reactions, such as a nucleic acid
sequencing reaction. Accordingly, the fluidics component,
e.g., the fluid source, may be in fluidic communication with
the FET device configured for biological and/or chemical
analysis, and may be configured for controlling a flow of
reagents over the array.

[0295] Accordingly, in certain instances, the fluid may
include one or more reactants, such as one or more analytes
necessary for performing a sequencing reaction, as herein
described. In a particular embodiment, the fluid may include
one or more, e.g., a plurality of microbeads 60, having a
nucleic acid template 65 attached thereto, for instance,
where the template is a DNA or RNA molecule to be
sequenced, and the fluid containing the microbead 60 is to
be delivered to the well 38 such as for carrying out the
sequencing reaction. In such an embodiment, one or more
of, e.g., each, of the plurality of microbeads may be con-
figured so as to have electric charge and/or paramagnetic
properties. The device may additionally include an electric
and/or magnetic field component, e.g., having an electric
and/or magnetic field generator, such as where the electric
and/or magnetic field component is configured to generate
an electric and/or magnetic field so as to interact with the
electric and/or magnetic charge properties of each of the
plurality of microbeads to attract the microbeads into a
reaction location, such as a reaction surface, a channel, a
well, a chamber, and/or a sensor of the FET device, such as
by using electrophoresis and/or magnetism.

[0296] Hence, one or more, e.g., a plurality of microbeads
60a-e, may be drawn onto or into a reaction location of the
plurality of reaction locations 37a-e, which locations may be
formed as wells, e.g., one or more thin wells. The use of
magnetism or electrophoresis allows for thinner reaction
location structures. In particular instances, electric and/or
magnetic field generator may be configured for drawing
and/or positioning the microbeads within the well structure
37, such as in proximity to a channel or chamber of the
device, and in other instances, the electric and/or magnetic
field generator may be configured for reversing the electrical
and/or magnetic field so as to repulse the microbead(s) 60
from the reaction location, channel, and/or chamber 37. In
various instances, an array of reaction locations may be
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provided each having a magnet 70a-e that allows for selec-
tive filling of the reaction locations with different numbers
and/or types of microbeads 60, such as at select reaction
locations 37a-e. In such an instance, multiple electric and/or
magnetic field generators for selective filling of reaction
locations, e.g., wells.

[0297] Accordingly, one aspect of the present disclosure is
a system and/or a method for positioning one or more, e.g.,
a plurality, of microbeads 60 within a reaction or plurality of
reaction locations 37 for biological or chemical analysis,
such as for nucleic acid sequencing. The system may include
a CMOS FET device having an integrated circuit structure
configured for performing a biological or chemical analysis,
such as within a plurality of nano- or micro-reaction wells,
as described above, having a fluidic component 120, a
circuitry component 140, and/or a computing component
150, and the method may include one or more of the
following steps. For instance, the method may include the
fluidic component 120 introducing a fluid to be in contact
with the device 1, such as where the fluidics component is
configured to control a flow a fluid of reagents over the array
1, and the fluid may include one or more microbeads 60 that
may have electric charge and/or paramagnetic properties. In
such an instance, the device may include an integrated
circuit structure, a plurality of reaction locations 37 having
one or more wells, a plurality of sensors and/or a plurality
of channels, and/or an electric and/or magnetic field com-
ponent 70. The electric field and/or magnetic field compo-
nent 70 may be configured to activate the electronic and/or
magnetic field, and the method may also include activating
an electric and/or magnetic field so as to interact with the
electric and/or paramagnetic properties of each of the micro-
beads 60. The method may additionally include drawing the
one or more microbeads 60 into proximity with a reaction
zone 26 of the plurality of reaction locations 37 using
electrophoresis and/or magnetism. In certain instances, the
method may include positioning the one or more microbeads
within the one or more reaction locations for biological or
chemical analysis.

[0298] In particular instances, the electric and/or magnetic
fields may be generated by the plurality of electric and/or
magnetic field generators 70, e.g., included in the integrated
circuit structure, in all or only a subset of the plurality of
reaction locations 37 so as to only attract a plurality of
microbeads 60 to the subset of reaction locations, such as for
selectively filling the plurality of reaction locations 37 with
the plurality of microbeads. In such an instance, different
types of microbeads may be attracted to different reaction
locations, such as by pulsing the voltage and/or magnetic
generators and/or keeping the same constant. Particularly,
where an electric field generator 70 is provided the voltage
applied to the device 1 may be variable or constant and may
be less than about 10V, such as about less than 8V, or less
than about 6V, including less than about 4V or about 2V or
1V. The voltage may be applied between a location above
the fluid 72 and a location on or below the reaction zone 26,
such as above the package lid and/or below the metal plate
below the package. In certain instances, the location below
the reaction location may be a metal or conductive layer
such as within the package or package substrate. The method
may also include the step of reversing the electric or
magnetic field so as to eject the plurality of beads from the
plurality of wells, sensors, and/or channels, either entirely or
selectively.
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[0299] Further, as indicated, each or a subset of the
plurality of reaction locations may be utilized to generate
electric fields to attract a microbead thereby allowing for
programmability to each or a subset of reaction locations, for
instance, 99% or 95% or 90% or 85%, or 80% or less of the
plurality of wells are occupied with a microbead. Hence, the
electric and/or magnetic field may be generated in only a
subset of the plurality of wells 38a-¢, sensors or channels to
only attract a plurality of microbeads 60a-e¢ to the subset.
Likewise, a plurality of electric and/or magnetic field gen-
erators 70a-e for selective filling the plurality of wells 38,
sensors or channels with the plurality of microbeads, and/or
ejecting the plurality of beads 60 from the plurality of wells
38, sensors or channels. In such an instance, the electric
and/or magnetic field generator may be an electric source, a
permanent magnet and/or an electromagnet. As indicated,
the plurality of magnetic field generators is configured to
reverse the magnetic field to eject the plurality of micro-
beads 60 from the plurality of reaction locations 37 or a
subset thereof.

[0300] Additionally, in one aspect of the present disclo-
sure, a device, system, and/or method for verifying well
occupancy for a plurality of wells 38a-¢ for analysis of
biological or chemical materials may be provided. The
system may include a device for receiving a fluid containing
the plurality of microbeads 60. Particularly, the device may
include a processor, a CMOS structure having an integrated
circuit, a plurality of wells 38, and a plurality of sensors
within the CMOS structure. Each of plurality of wells 38
may be configured to receive a microbead 60 of the plurality
of microbeads, and the CMOS structure may include a
mechanism 70 for drawing and/or ejecting the beads into or
out of the wells. Hence, the method may include the step of
flowing the plurality of microbeads 60 over and/or into the
plurality of reaction locations 26/37 and/or wells 38 and/or
may include determining, e.g., through electrical and/or
magnetic sensing if a reaction location 26/37 and/or well 38
is occupied or unoccupied and/or if a location 26/37 contains
one or multiple microbeads 60.

[0301] Consequently, the processor 140 may be config-
ured to determine if a well is unoccupied and/or if the well
contains one or more, e.g., multiple microbeads. In certain
instances, the processor 140 may also be configured to
eliminate or modify one or more of the measurements, such
as based on the number of wells occupied or unoccupied,
e.g., the number of wells containing none, one or multiple
microbeads. For instance, the processor 140 may be config-
ured to eliminate from the measurement the number of wells
unoccupied and the number of wells containing multiple
microbeads, or compensate in the measurement for the
number of wells unoccupied and the number of wells
containing multiple microbeads, and the like. In such
instances, the measurement may be a shift in an I-V or [-Vg
curve, as explained below. In particular instances, the pro-
cessor 140 may be configured to eliminate from the mea-
surement the number of wells unoccupied and the number of
wells containing one or multiple microbeads and/or to
compensate in the measurement for the number of wells
unoccupied and the number of wells containing one or
multiple microbeads. Accordingly, in some embodiments,
the measurement may be a shift in an I-V or I-Vg curve, such
as one or more of: generating a plurality of I-V or I-Vg
curves so as to determine a shift in response to a chemical
reaction occurring on or near the chemically-sensitive field
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effect transistor; generating a chemically-sensitive field-
effect transistor I-V or [-Vg curve in response to a chemical
reaction occurring on or near the chemically-sensitive field-
effect transistor so as to detect a change in the slope of the
1-V curve; and/or to sense shifts in a capacitance as a
function of a gate voltage.

[0302] As indicated above, in particular embodiments, the
field effect transistor may be configured as a complementary
oxide semiconductor that is further adapted so as to be
cavitated, so as to include one or more reaction chambers
that are positioned so as to align with a gate region of the
FET. In such instances, the FET may be in contact with a
fluidic source so as to form an ISFET. Accordingly, the
CMOS-ISFET may be configured to run one or more chemi-
cal and/or biological reactions within its various chambers,
such as a DNA sequencing reaction, and the like, such as
proximate a solution gated reaction zone. For these pur-
poses, the ISFET may include a processor configured for
controlling the performance of the one or more reactions,
e.g., involving a biological or chemical material, so as to
obtain reaction results, and for analyzing those results, for
instance, based on detecting and/or measuring changes in a
voltage (V) potential, current (I), or capacitance occurring
within the gate region on the chemically-sensitive field
effect transistor.

[0303] Particularly, as can be seen with respect to FIG. 6A,
the processor, such as a signal processor 151, may be
configured so as to generate one or more current (I) vs.
voltage (V) curves, such as where the current I of the I-V
curve is the current applied between the source 22 and drain
24 of the chemically sensitive solution gated field effect
transistor and/or where the gate voltage (Vg) of the I-Vg
curve is a gate 26/37 voltage applied to the chemically-
sensitive field effect transistor 1. In such an instance, the gate
voltage Vg of the I-Vg curve may be a top and/or a back gate
voltage that may be applied to the chemically sensitive field
effect transistor 1 through a top (or front) and/or back of the
device, respectively. In particular embodiments, the gate
voltage Vg of the I-Vg curve may be a solution gate voltage
such as applied to the chemically sensitive field effect
transistor through a solution flowed over a portion, e.g., a
chamber 38, of the device 1. In some embodiments, the
reference 1-Vg curve and/or a chemical reaction I-Vg curve
may be generated in response to the biological material
and/or chemical reaction that is to be detected and/or occurs
over or near the chemically-sensitive field effect transistor,
such as within a chamber or well 38 of the FET structure. In
various embodiments, the processor 150 may be configured
to determine differences in relationships between a gener-
ated reference I-Vg curve and/or chemical reaction I-Vg
curve. In certain instances, a circuitry component 140 may
be included where the circuitry component may include at
least one analog-to-digital converter 141 that is configured
for converting analog signals, such as obtained as a result of
the performance of the reaction(s) within the reaction well
38, or array of wells, into digital signals, such as may be sent
back to the computing component 150 for further process-
ing.

[0304] Accordingly, in another aspect of the disclosure, a
chemically-sensitive field effect transistor device 1 may be
provided, wherein the device may include a structure having
a conductive source 22 and drain 24 as well as having a
surface or channel 26 extending from the conductive source
to the conductive drain, such as where the surface or channel
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may include a one-, two-, or three-dimensional transistor
material 30. The device 1 may also include a computing
component 150 having or otherwise being associated with a
processor such as where the processor is configured for
generating a reference [-Vg curve and/or generating a
chemical reaction I-Vg curve, in response to the chemical
reaction occurring within a chamber 37 of the chemically-
sensitive field effect transistor 1, and may be configured to
determine a difference between the reference I-Vg curve and
the chemical reaction 1-Vg curve. Specifically, FIG. 6A
depicts a graph illustrating an I-Vg curve calling out the
various characteristics that may be used to categorize [-V g
curves, and FIG. 6B depicts a graph of an I-Vg curve
illustrating the results of a single difference and that of
multiple differences.

[0305] Particularly, as can be seen with respect to FIG. 6B,
the difference between the reference I-Vg curve measure-
ment and the chemical reaction [-Vg curve measurement is
a shift in a minimum point of the Vg value of the chemical
reaction [-Vg curve relative to a minimum point of the Vg
value of the reference I-Vg curve. As can be seen, this shift
is from left to right along the Vg axis. Hence, as can be seen
with respect to FIG. 6C, in some instances, a change in
reaction conditions that result in a change in the I-Vg curve
may be demarcated by a shift in the I-Vg curve, or as
depicted in FIG. 6D, it may be demarcated by a change in
the shape of the I-Vg curve. More particularly, as exempli-
fied in FIG. 6C, in one embodiment, the difference between
the reference I-Vg curve and the chemical reaction 1-Vg
curve may be a change in the slope of the chemical reaction
1-Vg curve relative to a change in the slope of the reference
I-V g curve. Likewise, as exemplified in FIG. 6D, the
difference between the reference I-Vg curve and the chemi-
cal reaction 1-Vg curve may be an overall change in the
shape of the chemical reaction 1-Vg curve relative to an
overall change in shape of the reference [-Vg curve.

[0306] In other instances, as can be seen with respect to
FIGS. 6E and 6F, the difference between the reference I-Vg
curve and the chemical reaction I-Vg curve may be a shift
in an ion value of the chemical reaction I-Vg curve relative
to a shift in an ion value of the reference I-Vg curve, for
instance, where the ion values are taken from a p-type (FIG.
6F) or n-type (FIG. 6F) section of the I-Vg curve (see FIG.
6A). For example, the measurements of the slopes may be
taken from the steepest and/or flattest sections on the p-type
and/or n-type portions of the I-Vg curves. Specifically,
FIGS. 6E and 6F depict graphs of I-Vg curves illustrating a
change in the level of the I-Vg curve where the ion is in a
p-type region (FIG. 6E), and a change in the level of the I-Vg
curve where the ion is in a n-type region (FIG. 6F).

[0307] Additionally, in particular instances, the difference
between the reference 1-Vg curve and the chemical reaction
1-Vg curve may be a shift in an loff value of the chemical
reaction [-Vg curve relative to an loff value of the reference
1-Vg curve. Particularly, FIG. 6G depicts a graph of an I-Vg
curve illustrating a change in the level of the I-Vg curve
(Iof). More particularly, in such embodiments, as depicted
in FIG. 6H, the difference in the overall shape of the I-Vg
curves may be determined by first fitting a polynomial or
other fitting line to each of the I-Vg curves and then
comparing the coeflicients of those fitting lines. Specifically,
FIG. 6H depicts a graph of an I-Vg curve illustrating a fit
polynomial or other fitting line to curve and use coefficients
as read criterion. In other embodiments, the difference
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between a reference 1-Vg curve and the chemical reaction
1-Vg curve is based on more than one chemical reaction [-V
g curve. Further, FIG. 61 depicts a graph of an I-Vg curve
illustrating a check-slope of the I-Vg curve on one or both
sides (Gm & proportional to mobility), and use of a solution
gate and backgate in combination to improve a signal and
move the curve where desired.

[0308] It is to be noted, with respect to FIGS. 5B and 5C,
when no microbead 60 is present in the well structure 38, an
electric signal may be transmitted to the computing com-
ponent 150. In such an instance, the processor may be
configured to eliminate from the measurement the number of
wells 38 that are unoccupied, or at least to compensate in the
measurement for the number of wells 38 that are unoccu-
pied, such as where the measurement may be a shift in the
1-V curve and/or I-Vg curve. Likewise, when two or more
microbeads 60a and 605 are present in the well structure 38,
an electric signal may be transmitted to the computing
component 150. In such an instance, the processor may be
configured to eliminate from the measurement the number of
wells 38 containing multiple microbeads 60, or at least
compensate in the measurement for the number of wells 38
containing multiple microbeads 60, such as where the mea-
surement may be recognized as a shift in the I-V curve
and/or I-Vg curve.

[0309] Accordingly, as can be seen with respect to FIGS.
6A-61, in particular embodiments, the FET and/or processor
may be configured to respond to a shift in the I-V or I-Vg
curve, such as where the curve is shifted in response to the
detection of a biological compound and/or the result of a
reaction taking place in or on a surface 26 of the FET device
1. In some instances, the 1-V/I-Vg curve may be produced
and/or shifted in response to a chemical reaction occurring
on a reaction layer 34/36 and/or the surface of a 1D or 2D,
e.g., graphene, surface 30 of the field effect transistor 1, such
as resulting from the detection of a biological compound or
reaction occurring within the well structure 38 of the device.
Hence, the FET and/or processor may be configured so as to
shift the I-V curve or I-Vg curve such as in response to the
chemical reaction.

[0310] For instance, FIG. 7A depicts a graph of an I-Vg
curve for various pH values. Particularly, FIG. 7A illustrates
the transfer characteristics of a 20x40 micron graphene-on-
SiO2 SGFET (“solution gated FET™) at a constant drain-
source voltage of Vds=50 mV for different pH values. FIG.
7B depicts a graph of current increase vs. pH increase.
Likewise, FIG. 7C depicts a graph of frequency vs. normal-
ized power spectral density for silicon ISFET device. FIG.
7D illustrates a graph of frequency vs. normalized power
spectral density for a typical graphene FET device of the
disclosure. Additionally, FIG. 7E depicts a graph of fre-
quency vs. normalized power spectral density for a graphene
FET of the disclosure. FIG. 7F depicts a graph of noise vs.
bias voltage, and FIG. 7G depicts a graph of Dirac voltage
vs. current increase.

[0311] Hence, in various aspects of the disclosure, one or
more elements and/or methods, as herein described, may be
used to shift a reference I-V or I-Vg curve and/or a chemical
reaction [-Vg curve so that the difference between the
reference [-Vg curve and a chemical reaction I-Vg curve is
more pronounced. However, in various embodiments, to
make such a difference more pronounced, and thus, better
able to be detected, the device may include a further
structure 40, such as a membrane or other element that is
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configured for enhancing the ability of the processor to
determine the difference between various I-V and/or I-Vg
curves. (See, for instance, FIG. 8A). Particularly, in various
embodiments, a further structured layer 4, e.g., a tertiary or
quaternary structure, may also be provided, such as where
the further structured layer may be included and/or present
within the well or chamber, such as to enhance the ability of
the processor to determine the difference between the cur-
rent and/or voltages as well as their respective associated
curves. Hence, in one aspect, a chemically-sensitive FET
transistor 1 is provided where the FET is fabricated on a
primary structure having a stacked configuration including
an inorganic base layer 10, e.g., a silicon layer; a dielectric
structure and/or an organic or inorganic insulator layer 20,
such as a silicon dioxide layer; a 1D, 2D, or 3D material
layer 30, such as a carbon nanotube, nanowire, or graphene
layer; an oxidation and/or passivation layer 34/36; and
further having a conductive source 22 and drain 24 embed-
ded in one or more of the layers, such as between and/or
forming a gate structure 26, e.g., a solution gate region 37.

[0312] Accordingly, as can be seen with respect to FIG.
8A, in various embodiments, the gate region 26 may be
configured so as to form a chamber 37 and/or well 38 and the
1D or 2D material 30 and/or oxidation layers 34 may be
positioned between the conductive source 22 and drain 24 in
such a manner as to form a bottom surface of the chamber
37. In various instances, the structures may further include
or otherwise be associated with an integrated circuit and/or
a processor, such as for generating and/or processing gen-
erated data, such as sensor derived data. And, further, in
various embodiments, the chamber 37 may further include a
membrane 40 or other element positioned above or between
one or more of the 1D, 2D, or 3D structure layer and/or the
oxidation 34 and passivation layers 36, such as where the
membrane structure 40 is configured for enhancing the
ability of the processor to determine the difference between
various -V and/or I-Vg curves. For instance, FIG. 8B
depicts a graph of an average sensitivity of a graphene FET
(“gFET”) calculated as a function of liquid gate potential.
The gFET of the present disclosure surpasses the theoretical
59mVolt maximum for an ISFET type device made of
silicon. This difference is even more pronounced when an
ion exclusive membrane 40 is included as part of the device.

[0313] In particular embodiments, therefore, as seen with
respect to FIGS. 6 and 8, a further structured layer 40, e.g.,
a secondary or tertiary structure, may also be provided, such
as where the further structured layer may be included and/or
present within the well or chamber, such as to enhance the
ability of the processor to determine the difference between
the current and/or voltages as well as their respective
associated curves. More particularly, the additional structure
may include an ion-selective permeable membrane 40, such
as an ion-selective permeable membrane that allows ions of
interest to pass through the membrane 40 while blocking
other indeterminate ions, such as to enhance the ability of
the processor to determine the difference between the ref-
erence [-V or [-Vg curve and the chemical reaction I-V or
1-Vg curve, and thus enhance the ability of the processor to
detect a desired chemical reaction. In various instances, the
FET 1 may be configured such that the I-V or I-Vg curve(s)
may be shifted so as to better respond to, detect, and/or
otherwise determine a biological compound and/or a chemi-
cal reaction, such as a biological compound and/or a chemi-
cal reaction occurring on the 1D or 2D, e.g., graphene,
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surface 30 of the chemically-sensitive field effect transistor
1. In particular instances, the ion-selective permeable mem-
brane 40 may include a 2D transistor material, e.g., gra-
phene, which may or may not be electrically connected to
the source and/or drain layer and/or channel 26.

[0314] Accordingly, in various instances, the chemically-
sensitive field effect transistor 1 may be fabricated on an
integrated circuit wafer that includes a primary 10 and/or
secondary 20 structure as well as a channel structure 26, a
processor and/or a tertiary structure 35, such as a structure
forming one or more wells 38. For instance, the first and/or
secondary structures may include a conductive source 22
and a conductive drain 24, which together with the other
components of the FET 1 form a channel region 26. The
channel 26 extends from the conductive source 22 to the
conductive drain 24, with the channel 26 formed between
the two, where a one-dimensional or two-dimensional tran-
sistor material layer 30 may be positioned above and/or may
otherwise be in contact with the source 22 and drain 24. As
indicated above, the FET 1 may include a processor, such as
where the processor is configured for generating one or more
of a reference 1-Vg curve and a chemical reaction I-Vg
curve, such as in response to a chemical reaction that is to
be detected, for instance, a reaction occurring over or near
a reaction zone 26 of the chemically-sensitive field effect
transistor 1. In particular embodiments, the processor is
configured for determining a difference between the refer-
ence [-Vg curve and the chemical reaction I-Vg curve.
Hence, in various embodiments, an additional structure 40
may be included, such as a structure that is configured for
enhancing the ability of the processor to determine this and
other associated differences.

[0315] Particularly, in various embodiments, the addi-
tional structure may be an ion-selective permeable mem-
brane 40 that allows one or more ions of interest to pass
through the membrane 40 while blocking other ions. More
particularly, the additional structure 40 may be configured so
as to enhance the ability of the processor to determine the
difference between the reference I-Vg curve and the chemi-
cal reaction I-Vg curve, and thus further enhances the ability
of the processor to detect a desired chemical reaction.
Accordingly, in various instances, the ion-selective perme-
able membrane 40 may be positioned within the well 38
and/or over a passivation layer 36, an ion sensitive or
reaction layer 34, a 1D and/or a 2D or a 3D transistor
material layer 30, and/or a dielectric layer 35 that itself may
be positioned over and/or otherwise form a part of the
chamber 37 or channel 26. In certain embodiments, the
membrane layer 40 may be or otherwise be associated with
an ion getter material, such as an ion getter material that
traps ions that may or may not be relevant to the biological
species and/or chemical reaction to be sensed and/or deter-
mined, such as to enhance the ability of the processor to
determine the difference between the reference I-V or I-Vg
curve and/or the chemical reaction I-V or I-Vg curve. This
may be useful because reducing the number and/or amount
of interfering ions, enhances the ability of the processor to
detect the desired biological species and/or results of the
chemical reactions. Particularly, the ion getter material may
be arranged within proximity to the chamber 37 and/or
surface 21 thereof so that the action of gettering the
unwanted ions improves the detection capability of the
chemically-sensitive field effect transistor 1. In some
instances, one or more of the various layers herein, such as
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the ion getter material may be placed over or between one
or more of the other layers, such as the dielectric layer 20/35,
oxide layer 34, or 2D or 1D layers 30, positioned in
proximity to one or more of the chambers, channels, or
surfaces of the FET device 1.

[0316] In particular instances, the ion-selective permeable
structure 40 may include a polymer such as perfluorosul-
phonic material, a perfluorocarboxylic material, PEEK, PBI,
Nafion or PTFE. In other instances, the ion-selective per-
meable structure may be composed of an inorganic material
such as an oxide or a glass. In particular instances, the
ion-selective permeable structure 40 may be applied to a
surface, e.g., 21, of the FET such as by being deposited
thereon, such as by a spincoating, anodization, PVD, or
other sol gel methods. An additional material, e.g., HMDS,
may also be included so as to manage the interaction of the
chamber 37 and/or channel 26 and/or associated oxide layer
20/35 and/or an underlying 2D or 1D transistor layer 30. For
instance, a chemically-sensitive field effect transistor 1 of
the disclosure may include an additional structure that
includes a 2D transistor channel or surface which may
include an ion-sensitive material over the channel or surface.
In such an instance, the material may be sensitive to ions that
are different from the ions associated with the biological
molecule or chemical reaction that is to be detected. Par-
ticularly, the ion-selective permeable structure 40 may addi-
tionally be composed of an ion sensitive 1D or 2D transistor
material, such as graphene, that is in addition to the 1D or
2D material layer 30, and is not electrically connected to the
channel 26.

[0317] In certain instances, the ion-selective permeable
structure 40 may be positioned over the ion sensitive layer
30 that itself may be positioned over the channel structure or
surface 26. As indicated, the additional structure 40 may be
composed of an ion getter material, wherein the ion getter
material is configured to trap ions that are not relevant to the
chemical reaction to be determined. Accordingly, in some
instances, a suitably configured membrane 40 and/or addi-
tional structure, e.g., HMDS or other siloxane, may be useful
because the action of sensing ions that are different from the
ions associated with the biologics and/or chemical reactions
that are to be detected allows the processor to filter out the
signal from the unwanted ions from the signal of the ions of
interest. In particular instances, the HMDS material may be
positioned under the graphene. Accordingly, in various
instances, an exemplary ion-selective permeable membrane
40 and/or an additional getter structure may be positioned
over a channel structure 26, where these structures are
configured so as to only allow ions of interest to travel
through them. In particular instances, the getter material
may be positioned within the chamber 37 or elsewhere on
the chip or in the package so as to attract unwanted ions.
Another alternative would be to include another ion-selec-
tive functional layer(s) over some of the sensors which can
detect the presence of contaminants or unwanted ions so that
their interaction with the sensor and thus the determination
of the sensor reaction to the desired ion can be filtered out.

[0318] Inall of these instances, the action of trapping ions
that are not relevant to the chemical reaction to be deter-
mined enhances the ability of the processor to determine the
difference between the reference I-V g curve and the chemi-
cal reaction I-Vg curve, e.g., because there are fewer inter-
fering ions. In such instances, the membrane 40 and/or ion
getter material may be arranged within proximity to a
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reaction zone 26 that is in proximity to a channel region so
that the action of gettering the unwanted ions improves the
detection capability of the chemically-sensitive field effect
transistor. Alternatively, the ion getter material may be
placed over a dielectric layer that is in proximity to one or
more of the reaction zones 26 and/or channels.

[0319] In another aspect, the present gFET integrated
circuits, sensors, and/or arrays of the disclosure may be
fabricated such as using any suitable complementary metal-
oxide semiconductor (CMOS) processing techniques known
in the art. In certain instances, such a CMOS processing
technique may be configured to increase the measurement
sensitivity and/or accuracy of the sensor and/or array, and at
the same time facilitate significantly small sensor sizes and
dense gFET chamber sensor regions. Particularly, the
improved fabrication techniques herein described employ-
ing a 1D, 2D, 3D, and/or oxide as a reaction layer provide
for rapid data acquisition from small sensors to large and
dense arrays of sensors. In particular embodiments, where
an ion-selective permeable membrane is included, the mem-
brane layer may include a polymer, such as a perfluorosul-
phonic material, a perfluorocarboxylic material, PEEK, PBI,
Nafion, and/or PTFE. In some embodiments, the ion-selec-
tive permeable membrane may include an inorganic mate-
rial, such as an oxide or a glass. One or more of the various
layers, e.g., the reaction, passivation, and/or permeable
membrane layers may be fabricated or otherwise applied by
a spin-coating, anodization, PVD, and/or sol gel method.
[0320] Accordingly, when using the device for sequencing
a nucleic acid sample, the target nucleic acid sample may be
coupled to or in proximity with the graphene coated surface
of the reaction zone. This template sequence may then be
sequenced and/or analyzed by performing one or more of the
following steps. For example, a primer, and/or a polymerase,
e.g., an RNA and/or DNA polymerase, and/or one or more
substrates, e.g. deoxynucleotide triphosphates dATP, dGTP,
dCTP, and dTTP, may be added, e.g., sequentially, to the
reaction chamber, such as after the hybridization reaction
begins so as to induce an elongation reaction. Once the
appropriate substrate hybridizes to its complement in the
template sequence, there will be a concomitant change in the
individual electrical characteristic voltage, e.g., the source-
drain voltage (Vsd), measured as a result of the new local
gating effect.

[0321] Hence, for every elongation reaction with the
appropriate, e.g., complementary, substrate there will be a
change in the characteristic voltage. For instance, as
described herein, a field-effect device for nucleic acid
sequencing and/or gene detection is disposed in a sample
chamber of a flow cell, and a sample solution, e.g., contain-
ing a polymerase and one or more substrates, may be
introduced to the sample solution chamber. In various
embodiments, a reference electrode may be disposed
upstream, downstream or in fluid contact with the field effect
device and/or the source and/or drain may themselves serve
as electrodes, such as for hybridization detection, and gate
voltage may be applied whenever needed.

[0322] Particularly, in an exemplary elongation reaction,
polynucleotides are synthesized if the added substrate is
complementary to the base sequence of the target DNA
primer and/or template. If the added substrate is not comple-
mentary to the next available base sequence, hybridization
does not occur and there is no elongation. Since nucleic
acids, such as DNAs and RNAs, have a negative charge in
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aqueous solutions, hybridization resulting in elongation can
be incrementally determined by the change in the charge
density in the reaction chamber 30. And because the sub-
strates are added sequentially, it can readily be determined
which nucleotide bound to the template thereby facilitating
the elongation reaction. Accordingly, as a result of elonga-
tion, the negative charge on the graphene gate surface,
insulating film surface, and/or the sidewall surface of the
reaction chamber will be increased. This increase may then
be detected, such as a change in the gate source voltage, as
described in detail herein. By determining the addition of
which substrate resulted in a signal of change in gate-source
voltage, the base sequence identity of the target nucleic acid
can be determined and/or analyzed.

[0323] More specifically, the field-effect transistor, such as
for nucleic acid elongation and/or hybridization detection,
may be associated with a buffered solution that is added to
the reaction chamber, which can then be used to determine
if an elongation reaction has taken place. Particularly, once
the template is associated with the substrate, the reaction
mixture containing a polymerase, e.g., a Taq polymerase,
and a first nucleic acid substrate, e.g., a dATP, is added to the
buffer solution to carry out the elongation reaction on the
graphene gate coated insulating film of the reaction chamber
surface. If the dATP is a complement to the next available
reaction site in the isolated template a binding event, e.g., a
hybridization reaction, will occur and the antisense strand of
the growing sequence will be elongated, and detected by the
GFET transistor.

[0324] For example, if adenine (A) is complementary to
the base thymine (T) on the target template adjacent to the
3'-terminus of the nucleic acid template, an elongation
reaction occurs, resulting in synthesis of one adenine. In
such instance, the enzyme, Taq DNA polymerase, and the
substrate may be washed away from the gate portion and
reaction chamber, and a buffer solution, e.g., a phosphoric
acid buffer solution, e.g., having a pH of about 6, may be
introduced on the graphene gate surface to measure changes
in the source-drain voltage. If hybridization has occurred
there will be a change in the source-drain voltage and it will
be detected. However, if the dATP is not a match, there will
be no hybridization, and if no hybridization, there will be no
elongation. Consequently, a second reaction mixture con-
taining another, different nucleotide substrate, e.g., dCTP
and the enzyme polymerase, and the like will be added to the
reaction chamber under conditions suitable for hybridiza-
tion, which if it occurs will be detected by the GFET. If not,
then the steps will be repeated with the next substrate. These
steps may be repeated until the nucleic acid sample has been
completely sequenced. In various instances, the temperature
within the reaction chamber may be controlled, for instance,
it may be set to 74° C., such as by using a temperature sensor
and/or a heater integrated in the field-effect device.

[0325] Consequently, if a hybridization reaction takes
place there will be a resultant change to the threshold
voltage, which will be increased, e.g., by 4 mV, from before
the elongation reaction. The shift of the threshold voltage in
the positive direction indicates that a negative charge was
generated on the graphene gate surface. It can be understood
from this that synthesis of one base caused by the elongation
reaction was detectable as a change in threshold voltage. A
second elongation reaction may then take place and be
repeated until the entire target nucleic acid has been
sequenced.
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[0326] Accordingly, FIG. 9A is an illustration of elec-
trowetting for biomolecule attachment, as disclosed herein.
FIG. 9B is an illustration of electrophoresis for biomolecule
attachment. FIG. 9C is an illustration of microfluidics for
biomolecule attachment. And FIG. 30 is an illustration of an
optical readout of DNA sequencing using nanomaterials.
[0327] More particularly, in such a configuration as rep-
resented in the figures, the drain current of the transistor may
be modulated by the electrical charge carried by the nucleo-
tide molecules involved in the hybridization and/or sequenc-
ing reactions. For example, after a binding event, the charge
in the reaction zone increases resulting in a change in the
output current that may be measured. Such a measurement
may be made in accordance with the following equation:
[0328] More particularly, in such a configuration as rep-
resented in the figures, the drain 26 current of the transistor
20 may be modulated by the electrical charge carried by the
nucleotide molecules involved in the hybridization and/or
sequencing reactions. For example, after a binding event, the
charge in the reaction zone increases resulting in a change in
the output current that may be measured. Such a measure-
ment may be made in accordance with the following equa-
tion:

Qoom + Qo
Ce+Cp

Vrur = Vino —

[0329] Such as where C. represents the current at the
control capacitor, and C represents the current at the para-
sitic capacitor. V ;- represents the effective threshold volt-
age of the transistor 20, and V., represents the native
threshold voltage. Q, represents the electric charge initially
trapped in the floating gate, and Q,,,, represents the total
charge of hybridization complex.

[0330] For instance, a nucleic acid from a sample to be
sequenced or representative of a probe to be targeted may be
immobilized on the bottom surface or the sidewall of the
sample solution well chamber. A Taq DNA polymerase and
a nucleotide substrate may then be introduced to the sample
solution chamber to induce an elongation reaction. As a
result, DNAs may be synthesized along the surface in the
vertical or lateral direction, e.g., in parallel to the surface of
the graphene coated gate surfaces. In such an instance, as the
source-drain current vs. gate voltage characteristic changes
by the electrostatic interaction with the charged particles
(electrons) in the well, and the synthesis of the DNA is in the
direction that is transverse or parallel to the graphene gate
surface, this keeps the distance between the DNA and the
electrons constant, thereby helping to maintain a constant
electrostatic interaction. Thus, the base sequence of a tem-
plate nucleic acid having a large base length can be
sequenced and/or analyzed. In other embodiments, a nucleic
acid probe may be immobilized on the surface of the
reaction zone, as described above, and used in a hybridiza-
tion reaction so as to detect genetic variation and/or the
presence of a genetic disease.

[0331] In various instances, in order to conduct parallel
analysis of a plurality of nucleic acid templates, the number
of the transistors may be equal to or higher than the number
and/or types of DNAs to be sequenced and/or analyzed. In
certain instances, each nucleic acid template or probe may
be an oligonucleotide or a fragment of DNA or RNA that
may be constituted from about 100 to about 1000 bases, such
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as from 200 to about 800 bases, for instance, from about 300
or about 500 bases to about 600 or 700 bases or more or
somewhere in between. However, in various instances, a
fragment of nucleic acid having 100 bases or fewer may also
be used.

[0332] Additionally, as indicated above, the present device
may also be used in various different DNA/RNA hybridiza-
tion reactions, such as for the purpose of determining a
genetic variation and/or for detecting the presence of a
genetic marker for a disease. In such an instance, a nucleic
acid probe may be coupled to a bottom or side graphene
coated surface of the reaction chamber, per above. As
indicated, the probe may be of any suitable length but in
various instances from about 5 or 10 to about 1000 bases,
such as from 20 or about 50 to about 700 or about 800 bases,
for instance, from about 100 or about 200 bases to about 300
bases including about 400 or about 500 bases to about 600
or 700 bases or more or somewhere in between.

[0333] For instance, in one exemplary instance, a nucleic
acid probe containing about 10 to 15 bases coding for a gene
sequence of interest that has been previously amplified, such
as by polymerase chain reaction (PCR), may be immobilized
on the gate, gate insulating film or side surface of the
reaction chamber of the field-effect transistor. For example,
once isolated and amplified, the base of the template may be
modified so as to be attached to the graphene coated surface,
and/or may be coupled to a secondary substrate, such as a
glass or plastic bead that has been chemically treated so as
to be coupled therewith. Once immobilized, the reaction
chamber containing the probes, either on a secondary sub-
strate or directly coupled with a chamber surface, may be
reacted with a sample solution containing a number genes
including a target gene of interest to be measured such that
when a nucleic acid probe having a complementary base
sequence to the target gene is immobilized on the gate, gate
insulating film or the sidewall surface of the sample solution
well structure, or on a secondary substrate immobilized
within the reaction chamber of the field-effect device for
gene detection, the target gene hybridizes with the nucleic
acid probe under appropriate reaction conditions and the
target gene and the nucleic acid probe form a double strand,
the result of which hybridization reaction may be detected.
[0334] As depicted in FIG. 10A, a gFET array sets forth a
two dimensional gFET sensor array chip that in this instance
is based on a column and row design, although other designs
are also possible. As can be seen with respect to FIG. 10B,
the system further includes a row and column decoder, as
well as circuitry for performing the requisite sensing, detect-
ing, and processing so as to measure the sensory data.
Hence, also included is sensing, measurement, and other
associated readout data.

[0335] Accordingly, as can be seen with respect to FIGS.
10A and 10B, in various instances, a one or two-dimensional
GFET array, as described herein, may be fabricated on a
microchip in accordance with the methods herein disclosed.
In various instances, the array chip may include a number of
GFET sensors that may be arranged in columns and/or rows.
A typical number of sensors may include GFET sensor
elements, described herein as “sensors,” that may be
arranged in a 16 sensor by 16 sensor column/row array
configuration. As depicted, the array includes two columns,
but typically may include sixteen columns, arranged side by
side, where each column includes 16 rows. Particularly, each
column of the array includes up to 16 sensors. Each column
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may be configured so as to include a current source Igo rcn
that may be shared by all sensors of the column. However,
in various other embodiments, each sensor may have its own
current source, or the array itself may have a single current
source. Additionally, each GFET sensor may include a
GFET, as described above, having an electrically coupled
source and/or drain and/or body, and may further include
one or more switches, such as a plurality of switches S1 and
S2 that may be configured so as to be responsive to one of
the up to sixteen row select signals (RSEL, and it’s comple-
ments). More particularly, a row select signal and its
complement may be generated simultaneously to “enable”
or select a given sensor of the selected column, and such
signal pairs may be generated in some sequence to succes-
sively enable different sensors of the column, e.g., together
or one at a time, such as sequentially.

[0336] A row decoder may also be provided as part of the
system. In such an instance, the row decoder may be
configured so as to provide up to sixteen pairs of comple-
mentary row select signals, wherein each pair of row select
signals may be adapted so as to simultaneously or sequen-
tially enable one sensor in each column so as to provide a set
of column output signals from the array, e.g., based on the
respective source voltages VSa through VSb, etc. of the
enabled row of GFETs. The row decoder may be imple-
mented as a conventional four-to-sixteen decoder (e.g., a
four-bit binary input ROWI1-ROW4 to select one of 24
outputs). The set of column output signals VSa through VSb
for an enabled row of the array is applied to switching logic,
which may be configured to include up to sixteen transmis-
sion gates Sa through Sb (e.g., one transmission gate for
each output signal).

[0337] As above, each transmission gate of the switching
logic may be implemented using an n-channel or p-channel
MOSFET, in a bottom or top gate configuration, or both to
ensure a sufficient dynamic range for each of the output
signals V,, through V,. The column decoder, like the row
decoder, may be implemented as a conventional four-to-
sixteen decoder and may be controlled via the four-bit binary
input COL,-COL, to enable one of the transmission gates Sa
through Sb of the switching logic at any given time, so as to
provide a single output signal Vs from the switching logic.
This output signal Vs may be applied to a 10-bit analog to
digital converter (ADC) to provide a digital representation
D,-D,, of the output signal Vs corresponding to a given
sensor of the array.

[0338] As noted earlier, individual GFETs and arrays of
GFETs such as those discussed above may be employed as
sensing devices in a variety of applications involving chem-
istry and biology. In particular, such GFETs may be
employed as pH sensors in various processes involving
nucleic acids such as DNA. In general, the development of
rapid and sensitive nucleic acid hybridization and sequenc-
ing methods, as herein described, e.g., utilizing automated
DNA sequencers, may significantly advance the understand-
ing of biology.

[0339] It should be noted, that with respect to the various
arrays disclosed herein according to various embodiments of
the present disclosure may be fabricated according to con-
ventional CMOS fabrication techniques, as described above,
as well as modified CMOS {fabrication techniques (e.g., to
facilitate realization of various functional aspects of the
GFET arrays discussed herein, such as additional deposition
of graphene and/or other passivation materials, process steps
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to mitigate trapped charge, etc.) and other semiconductor
fabrication techniques beyond those conventionally
employed in typical CMOS fabrication (e.g., BiICMOS).
Additionally, various lithography techniques may be
employed as part of an array fabrication process. For
example, in one exemplary implementation, a lithography
technique may be employed in which appropriately designed
blocks are “stitched” together by overlapping the edges of a
step and repeat lithography exposures on a wafer substrate
by approximately 0.2 micrometers. In a single exposure, the
maximum die size typically is approximately 21 millimeters
by 21 millimeters. By selectively exposing different blocks
(sides, top & bottoms, core, etc.) very large chips can be
defined on a wafer (up to a maximum, in the extreme, of one
chip per wafer, commonly referred to as “wafer scale
integration”).

[0340] In one embodiment, as can be seen with respect to
FIG. 2E, the array includes 512 columns with corresponding
column bias/readout circuitry (one for each column),
wherein each column includes geometrically square sensors,
each having a size of approximately 9 micrometers by 9
micrometers (e.g., the array may be up to 512 columns by
512 rows). In various instances, the entire array (including
sensors together with associated row and column select
circuitry and column bias/readout circuitry) may be fabri-
cated on a semiconductor die as an application specific
integrated circuit (ASIC), structured ASIC, or as a field
gated array, such as having dimensions of approximately 7
millimeters by 7 millimeters.

[0341] Various power supply and bias voltages useful for
array operation are provided to the array via electrical
connections (e.g., pins, metal pads) and labeled for simplic-
ity in block as “supply and bias connections.” The array may
also include a row select shift register, one or more, e.g., two
sets of column select shift registers, and one or more, e.g.,
two, output drivers, which output drivers are configured to
provide two parallel output signals from the array, V,,,,, and
V.- Fepresenting sensor measurements. The various power
supply and bias voltages, control signals for the row and
column shift registers, and control signals for the column
bias/readout circuitry may be provided by an array control-
ler, which controller may also read the output signals V.,
and V, ,, (and other optional status/diagnostic signals) from
the array. Configuring the array such that multiple regions
(e.g., multiple columns) of the array may be read at the same
time via multiple parallel array outputs (e.g., V. and
V,..») facilitates increased data acquisition rates.

[0342] Accordingly, in various instances, an integrated
circuit for performing a sequencing reaction is provided,
such as where the sequencing reaction involves the sequenc-
ing of strands of nucleic acids, as described herein. In
various instances, the integrated circuit may include a sub-
strate and an array of graphene field effect transistors
arranged on the substrate. In such an instance, one or more
of, e.g., each, of the graphene field effect transistors may
include a primary layer forming a base layer, and a second-
ary, e.g., intermediary, layer positioned over or otherwise
associated with the primary layer, the secondary layer being
formed of a first nonconductive material and including a
source and a drain formed in the first nonconductive mate-
rial, the source and drain being separated one from the other
by a channel, and being formed of an electrically conductive
material. In certain instances, a tertiary layer may be posi-
tioned over the secondary layer, such as where the tertiary
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layer includes a gate formed over the channel to electrically
connect the source and the drain. In such an instance, the
gate may be formed of a graphene layer. The tertiary layer
may additionally include a surface structure that overlaps the
source and the drain in the secondary layer, the surface
structure further defining a well having side walls and a
bottom that extends over at least a portion of the graphene
layer of the gate so as to form a reaction chamber for the
performance of the sequencing reaction. In particular
embodiments, a chemically-sensitive bead provided in one
or more wells of the array of graphene field effect transistors,
such as where one or more, e.g., each, chemically-sensitive
bead may be configured with one or more reactants to
interact with portions of the strands of nucleic acids such
that the associated graphene field effect transistor detects a
change in ion concentration of the reactants by a change in
current flow from the source to the drain via an activation of
the graphene layer.

[0343] It should be noted that, in various embodiments of
the array, one or more of the columns, e.g., the first and last
columns, as well as the first and/or last sensors of each of the
columns may be configured as “reference” or “dummy”
sensors. For instance, the dummy sensors of an array, e.g.,
the topmost metal layer of each dummy sensor may be tied
to the same metal layer of other dummy sensors and may be
made accessible as a terminal of the chip, which in turn may
be coupled to a reference voltage VREF. Such reference
voltage VREF may be applied to the bias/readout circuitry
of respective columns of the array. In some exemplary
implementations, preliminary test/evaluation data may be
acquired from the array based on applying the reference
voltage VREF and selecting and reading out dummy sen-
sors, and/or reading out columns based on the direct appli-
cation of VREF to respective column buffers (e.g., via the
CAL signal), to facilitate offset determination (e.g., sensor-
to-sensor and column-to-column variances) and array cali-
bration.

[0344] The calibration data can be stored for each sensor
location either just prior to a sequencing session, or prefer-
entially at the end of the device manufacturing process. The
calibration data can be stored on-chip in non-volatile
memory.

[0345] Additionally, in a further aspect of the present
disclosure, a field effect transistor having a chamber and/or
channel including a 1D or 2D and/or 3D material may be
provided, such as where the 1D or 2D and/or 3D material is
present within and/or proximate the chamber and/or channel
and configured in such a manner so that the chamber and/or
channel geometry may be optimized so as to maximize the
ratio of channel width (W) to channel length (L). In various
instances, this can be done through the use of interdigitated
source and drain electrode geometries, such as in a single
plane or, in other embodiments, such optimization may be
achieved through the use of one or more 3D electrode
structures, such as configured to at least partially or fully
circumscribe the chamber or well. For instance, as can be
seen with respect to FIG. 11, various source 22 and/or drain
24 electrodes may be configured as three-dimensional (3D)
structures that are adapted so as to interact with one another
in such a manner to more accurately detect the presence of
a chemical reaction, e.g., the presence of a biomolecule, that
occurs proximate the source and drain electrodes.

[0346] In various instances, the source 22 and drain elec-
trodes 24, as set forth in FIG. 11 may be formed in such a
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manner so as to have an interdigitated configuration, such as
where one or more of the electrodes, or a portion thereof, are
adapted so as to be fit one within the other, such as where
one electrode portion is configured as an impingement
member, and the other is configured as a receiving member.
In particular embodiments, the source 22 and drain 24
electrodes are configured so as to include pronged, fork-like
appendages that are capable of being fitted one within the
cavity of the other, such as between adjacent prong mem-
bers. For example, as seen with respect to FIG. 11, the
source and drain electrodes may form electrode pairs, such
as where one or more of the source 22 and drain 24
electrodes may have a planar and/or extended and/or inter-
digitated design, such as where one, e.g., the first, of the
electrode pair forms one or more cavities and the other, e.g.,
the second, of the electrode pair forms an impingement
member for insertion within the one or more of the cavities
of the first electrode. Particularly, in various implementa-
tions, one or more of the electrode pairs may have a linear
configuration, while the second of the pair may have a linear,
curved, or curvilinear configuration. In particular embodi-
ments, both the source 22 and drain 24 electrodes may both
be curvilinear or curved.

[0347] More particularly, as can be seen with respect to
FIG. 12, a FET sensor 1 having a well structure 38 is
provided. Particularly, FIG. 12 depicts a cross-section of a
well opening stopping on an analyte-sensitive layer. For
instance, FIG. 12 provides a substrate, such as silicon and/or
silicon dioxide substrate 10/20, where the substrate is con-
figured so as to include a chamber, such as a chamber having
a formed well 38 that may be positioned over an analyte-
sensitive layer 35 that may be positioned on top of that
substrate 10 and/or an associated oxide layer 20. For
instance, in accordance with the methods disclosed herein,
such a well 38 may be formed by any suitable method such
as by a dry etching process, such as by a plasma or RIE
process. In particular instances, the etching process may be
selective to the well material so that the well etch can be
stopped on the analyte-sensitive layer without significant
damage or etching of the analyte-sensitive layer.

[0348] Additionally, as shown in FIG. 13 one or more
additional analyte-sensitive layers 34 can be included in the
FET, such as formed on the sidewalls 39 and bottom 21 of
the well 38. For instance, FIG. 13 depicts a cut-away view
of a substrate 10, wherein the substrate includes a well
having a chamber therein, such as a chamber defined by one
or more walls. In various instances, one or more of the walls
may have an analyte-sensitive layer coating the walls of the
well. Particularly, a substrate 10 may be provided such as
where the substrate 10 may be formed of a silicon layer and
may include one or more additional layers, such as one or
more dielectric layers 20 and/or 35, which dielectric layers
may be composed of silicon dioxide. Imbedded within one
or more of these layers my be a pair of electrodes, such as
a source electrode 22 and a drain electrode 24, which may
be in one of more of the configurations set forth in FIG. 11,
or other suitable configuration. As can be seen, one or more
of'the dielectric layers 20 and/or 35 may be configured so as
to include a well structure 38, which structure may further
be adapted so as to include one or more additional layers 34,
such as a plurality of analyte-sensitive layers 34a and 34b.
For instance, one of the analyte sensitive layers 34a may be
positioned on a bottom surface 21 of the well 38, such as
layered upon a channel member 26, such as upon a graphene



US 2018/0315750 Al

structure layer 30 positioned within the channel 26. Addi-
tionally, another analyte sensitive layer 345 may be layered

upon one or more of the well bounding members 394 and
395.

[0349] Further, with respect to FIG. 14, as previously
noted, in various instances, it may be desirable to increase
the ratio of the channel width W to the channel length L
(e.g., W/L). For instance, FIG. 14 depicts a FET device, as
herein described, wherein the FET includes a well having
one or more walls that may be configured to produce or
otherwise include a 3D interdigitated electrodes. Particu-
larly, having a well structure, as set forth in FIGS. 12 and 13,
allows the formation of source 22 and drain 24 electrodes
not only on the bottom of the well 21, but also may be
fabricated on the sides of the well 39, such as in one or more
of the configurations set forth in FIG. 11. Specifically, FIG.
14 depicts a well structure in a cross-section view that has
one or more surfaces that have been configured for allowing
one or more electrodes to be fabricated therein. In this
instance, the source electrodes 22 and drain electrodes 24 are
interdigitated and positioned both on the bottom 21 of the
well and on the sides 39 of the well. Many geometric
patterns can be designed for source 22 and drain 24 elec-
trodes to cover both the sides and bottom of the wells and the
pattern shown in FIG. 14 is but one example, while FIG. 15
is another example, such as where the well includes a
transistor material or an analyte-sensitive layer that may be
positioned or otherwise coated over the surface of the well
bounding member and/or one or more electrodes configured
therein.

[0350] Forexample, one possibility for forming the source
22 and drain 24 electrodes in the well 38, such as in a 3D
structure as set forth herein, is to use a photopatterning or
photolithographic process. In such an instance, a mask with
the desired pattern(s) may be used to transfer a pattern onto
a photosensitive photoresist material. The pattern in the
photoresist material can be used to likewise define a pattern
in the conductive electrodes (e.g., by etching, lift-oft, plat-
ing, and/or other processes known in the art). For instance,
it is possible by employing the right optics to expose
photoresist into deep trenches and/or wells so as to be able
to define conductive traces in those deep trenches or wells.
An example of this is shown in FIG. 16, which presents a
depiction of an interdigitated well structure that has been
fabricated using lithographic methods. Other techniques that
can address patterning of photoresist in deep trenches or
wells are laser, electron beam, and/or plasma, and the like.

[0351] Particularly, in various instances, once the source
22 and drain 24 electrodes are formed on the sides 39 of the
well 38 the channel 26 may be formed over the electrodes.
The process used to form the transistor channel 26 may be
by any suitable process, but may depend on the materials
being deposited and the presence of process limits imposed
by other devices incorporated into the sensor. For instance,
a silicon-based CMOS watfer with conventional transistors
(e.g., formed from doped regions in the silicon and poly-
silicon or metal gates) will typically have a processing
temperature limit of 350 to 400 degrees C., above which
damage to those transistors may occur. So for a CMOS
wafer with added sensors, the deposition of the materials
making up those sensors will typically be lower than 400
degrees C., which can be accomplished either by a low
temperature in-situ deposition processes, and/or by creating
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the desired sensor materials separately and transferring them
to the appropriate locations on the CMOS wafer.

[0352] In some instances, a 1D or 2D transistor material
30 can be formed separate from the CMOS wafer and then
be transferred onto the electrode structures in the wells 38,
as shown in FIG. 15. In another instance, another option may
be to deposit a transistor channel material on the electrodes
22, 24 and well walls 21, 39. This may be accomplished by
low temperature (e.g., below 400 degrees C.) deposition of
amorphous silicon or suitable 2D material by any suitable
means including, but not limited to: CVD, ALD, PVD (e.g.,
evaporation and/or sputtering), PECVD, and/or the like.
Likewise, as depicted in FIG. 15, one or more of these
methods can be used to coat the interior chamber of the well
structure with a transistor material, such as an analyte-
sensitive layer.

[0353] For instance, in particular embodiments, improved
fabrication techniques for producing a CMOS sensor device
containing reaction zones employing a 1D or 2D material
layer are provided. Specifically, in certain instances, a 1D or
2D material layer may be grown, such as on a growth
platform, and once grown may be released from the growth
platform, and then be transferred to a semiconductor struc-
ture, such a CMOS substrate, so as to be employed as a
sensor device as herein described. In particular embodi-
ments, the 1D material may be a carbon nanotube or a
semiconductor nanowire, e.g., grown on a substrate, and in
other embodiments, the 2D material may be graphene,
Molybdenum disulfide (MoS,), Phosphorene (black phos-
phorous), Silicene, Borophene, Tungsten disulfide (WS,),
Boron Nitride, WSe,, Stanene (2D tin), Graphane, Ger-
manane, Nickel HITP, and Mxenes (Ti2C, (Ti0.5,Nb0.5),
V2C, Nb2C, Ti3C2, Ti3CN, Nb4C3, Tad4C3).

[0354] There are several growth mechanisms that may be
implemented for the growth of the 1D or 2D material on a
substrate. In certain instances, the growth substrate may be
a metal plate, a metal foil, or other thin film metal, such as
a metal positioned on or over a wafer, such as a silicon
wafer. The 1D or 2D material may be deposited on the
growth substrate, such as for growing, by any suitable
mechanism, such as by chemical vapor deposition (“CVD”)
(atmospheric, low or very low pressure), PECVD, ALD,
submergence within a hot wall or cold wall reactor, and the
like. Likewise, there are several transfer mechanisms for
transferring the growing or grown 1D or 2D structure to a
substrate, such as a substrate containing an integrated cir-
cuit, such as by direct transfer from the growth substrate to
the wafer, e.g., a ROIC (Read-out Integrated Circuit)/CMOS
wafer, such as by using Van der Waal’s forces, fusion
bonding, or other suitable form of temporary bonding.
Additionally, there are several release mechanisms for effec-
tuating the release of the 1D or 2D material from the growth
substrate and the attachment to the ROIC wafer, including
aqueous electrolyte electrolysis, where the growth platform
acts as the cathode and separation is produced due to
hydrogen evolution. Another release mechanism may
include separation caused by use of a temporary adhesive
from the growth platform, and/or by use of a laser, a UV
light, a temperature increase, or physical peeling or pulling.
[0355] Particularly, a direct transfer method is set forth as
FIG. 17. For instance, in an exemplary sequence of steps, a
growth substrate is provided. A graphene layer may then be
deposited on to the growth substrate, such as by a chemical
vapor deposition (CVD) process. Likewise a ROIC/CMOS
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wafer may be provided, such as in opposed relationship to
the graphene containing substrate. Further, a release and
transfer step may take place, such as where the graphene is
released from the growth substrate and transferred onto the
CMOS wafer. The graphene layer may then be patterned and
one or more interconnects and/or wells may be deposited
and/or patterned. The composition may then be tested, such
as with respect to sensor operation of the underlying inte-
grated circuit. The chip may then be assembled into a
package, and a package level test may occur, and once
passed the chip set may be shipped.

[0356] More particularly, an effective method for produc-
ing such a transfer, e.g., involving a Van Der Waals Bond
transfer mechanism, is illustrated in FIGS. 17A-17F. In FIG.
17A, the 2D material, e.g., graphene, is grown on a growth
platform such as composed of a thin metal layer, e.g., silver,
gold, or platinum layer, that is positioned on a growth wafer.
In FIG. 17B, the orientation of the growth platform is flipped
with respect to its fabrication process. In FIG. 17C, a silicon
ROIC/CMOS wafer containing a suitably configured oxide
layer, e.g., silicon dioxide, is prepared, and the flipped
growth platform and the silicon wafer are aligned for
bonding. In FIG. 17D, the 2D material on the growth
platform is bonded to the oxide layer, e.g., silicon dioxide
layer, on the ROIC wafer using Van der Waals forces. FIG.
17E shows the use of water electrolysis to create hydrogen
bubbles to separate the 2D material from the metallized
growth platform, which acts as a cathode in such a water
electrolysis reaction. In FIG. 17F, the growth substrate is
removed, leaving the 2D material on the ROIC/CMOS
wafer.

[0357] FIGS. 18A-18F also depicts the same steps of
direct bond transfer via Van der Waals forces as in FIGS.
17A-17F, with the distinction that FIGS. 18 A-18F show the
growth platform is patterned to create one or more channels
or divots that allow for better water access and more efficient
bubble transfer. Such openings may later be converted into
one or more well or chamber boundaries as herein described.
[0358] FIGS. 19A-19D illustrate an alternative method for
the above described bubble elution and/or release mecha-
nism as illustrated with respect to FIGS. 17 and 18. For
instance, FIG. 19 depicts a modified Langmuir-Blodgett
trough as shown in FIG. 19A. As shown in FIG. 19B, a
structure composed of a PMMA substrate, a 2D material,
e.g., graphene, copper, and a base layer is subjected to a
controlled immersion within the trough and subjected to a
bubble release protocol. As shown in FIG. 19C, the 2D
material and the PMMA substrate are fully released from the
copper structure. As shown in FIG. 19D, the solution is
drained in such a manner that the 2D material is aligned with
and becomes bonded to a target wafer, e.g., a silicon CMOS
wafer, so as to transfer the 2D material layer onto the target
wafer.

[0359] A further direct transfer method involves fusion
bonding, as shown in FIGS. 20A-20F. FIGS. 20A-20F
depicts the steps of direct bond transfer via fusion bonding.
In FIG. 20A, the 2D material, e.g., graphene, is grown on a
growth platform composed of a metal layer, e.g., a platinum
layer, on a growth wafer. In FIG. 20B, a cover material, e.g.,
an insulating material, and CMP or polish surface is depos-
ited on the growth platform. In FIG. 20C, the growth
platform is flipped. In FIG. 20D, a ROIC wafer, such as a
silicon CMOS wafer having a top insulating layer, e.g., an
oxide layer, thereon is prepared, and the ROIC wafer and the
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growth platform are aligned for bonding. In FIG. 20E, the
cover material is bonded to the top insulator layer of the
ROIC wafer, and in FIG. 20F, the growth substrate is
separated from ROIC wafer, leaving the 2D material on the
ROIC wafer.

[0360] Accordingly, in the direct transfer fusion-bonding
process, the 2D material may be encapsulated with Si02 and
then the growth wafer may be fusion bonded to the CMOS
wafer. Platinum, copper, or another suitable metal may be
used as the thin metal for growing the 2D material. A release
or separation mechanism (e.g., the bubble process described
above) may then be used to separate the 2D material from
the metal layer. In such instances, the growth wafer may be
composed of any suitable material upon which the 1D or 2D
material may be grown, but is typically silicon, sapphire
(A1203), or other suitable substrate that is capable of
sustaining high temperatures and CTE. Alternatively, the
present wafer format may be replaced with a panel or sheet,
such as a thin metal panel or sheet. Various encapsulating
materials may be utilized such as SiO2, Si, Si3N4. The same
process may also utilize other materials that can effectuate
the releasable bonding such as various polymers.

[0361] FIGS. 21A-21G depict a process for temporary
bonding that employs an adhesive material (such as an
acrylate) so as to effectuate temporary bonding. In FIG. 21A,
a glass carrier including an LTHC and an adhesive is
prepared. In FIG. 21B, the growth platform containing the
2D material, e.g., grown in accordance with the above, is
bonded to the glass carrier such as by being exposed to UV
light at room temp. Optionally, a thin Si growth wafer
background may be provided, such as where the Si growth
wafer is approximately 100 um or less, such as 75 um or less,
such as 50 um or 40 um or even 30 um or less, and
positioned on top of the glass layer. In FIG. 21C, the 2D
material is released from the growth platform. In FIG. 21D,
the 2D material is bonded to a target watfer, and in FIG. 21E,
the bond structure is exposed to a laser to release the glass.
In FIG. 21F, a tape or other adhesive material containing
strip may be applied to provide an adhesive material layer.
In FIG. 21G, this adhesive material layer may be peeled off
and the remaining structure may be cleaned.

[0362] The glass carrier used may be transparent to UV
light, which allows both for curing of the adhesive material
and to effectuate release, e.g., by an infrared laser, in the
glass release step. As indicated, LTHC is a useful release
layer. Particularly, the adhesive material may be filled with
Carbon black to absorb IR 1064 laser energy, may be heated
to a high temperature, and thereby decomposed. In certain
instances, LTHC may be spun on in a thin layer. In particular
embodiments, the adhesive material may be an acrylate,
such as PMMA. More particularly, the adhesive material
may be spun on so as to form an approximately 50 um thick
layer. Such adhesive materials are typically available in
several different, e.g., four, different tacks, and where
desired, other materials may be added to further reduce
tackiness. An adhesive material 5032 4% may be employed
such as a low tack material.

[0363] For bonding, the surface to be bonded may be
brought in close proximity to the adhesive material layer (<1
mm) in a vacuum. A top wafer may be dropped onto the
adhesive material layer on the glass carrier via gravity. UV
or other high intensity light or heat may be applied until fully
cured. The adhesive material may be such that it is resistant
to solvents, and can be exposed up to 220 C. The 2D material
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may then be released, such as from a metal backing layer,
e.g., composed of copper, silver, gold, or platinum, such as
through a bubble bath mechanism or a mechanical peel
process, as herein described. This process allows for con-
tinuous probing of the material layers to insure the presence
and/or uniformity of the 2D material. After the carrier with
the 2D material is placed on the target wafer, it may be
adhesion baked, such as at 150 C for a short period of time,
e.g., two minutes. The mechanism for the release from the
glass may be to raster the structure with a UV laser for
another short period of time, e.g., two minutes. The tape may
be applied by a manual vacuum chuck to hold the wafer, and
then a roller tape may be applied, e.g., manually. Alterna-
tively dicing tape may be used. After peeling off the tape and
the adhesive layer, anneal cleaning is performed at 400 C.
[0364] FIGS. 22A-22B illustrate an adhesive temporary
bond material process using a TZNR adhesive, e.g., from
TOK (Tokyo Ohka Kogyo Co., Ltd.). As shown in FIG. 6A,
the process involves adhesive spin coating of a growth
substrate with a 1D or 2D layer, e.g., a graphene layer, so as
to deposit the graphene layer onto the growth substrate. The
composition may then be subjected to a curing step, such as
by pre-baking, and aligned with a support wafer, where
bonding may occur. For instance, thermal bonding may be
effectuated by applying heat under a vacuum, such as at a
low bonding pressure (0.012 MPa). FIG. 6B illustrates the
low stress debonding by dissolving the adhesive, such as in
addition to solvent injection, pick up, and detachment such
as by a handler. The 1D or 2D containing substrate may then
be cleaned so as to remove the residue so that no residue is
left on the device wafer.

[0365] FIGS. 23A-23E illustrate the adhesive temporary
bond process with a nickel (“Ni”) deposition layer. As
shown in FIG. 23 A, a metal such as Ni may be deposited on
the 2D material layer (in black). As shown in FIG. 23B, a
tape lamination may be applied to the Ni layer. As shown in
FIG. 23C, the tape layer may be peeled away from the
growth platform and the tape layer, Ni layer, and 2D material
layer may be transferred to a target wafer. Alternatively, the
structure may be baked to improve the 2D material adhesion.
As shown in FIG. 23D, the tape may be peeled from the Ni
layer (possibly with a release mechanism). As shown in FIG.
23E, a wet etch process may be used to remove the Ni layer.
[0366] Accordingly, in one aspect of the present disclosure
a method for forming a semiconductor wafer is provided,
wherein the wafer is configured as transistor on which a 1D
or 2D material layer may be positioned. The method may
include providing a wafer, such as a wafer configured as or
to otherwise include an integrated circuit, so as to form a
semiconductor wafer. The wafer may include a substrate,
such as a silicon substrate. An insulating layer may be
applied to the substrate, such as via CVD of a silicon dioxide
layer. A 1D or 2D material may then be applied, hence, the
method may include patterning the 1D or 2D material layer
so as to define 1D or 2D material channels or chambers or
wells, where such channels may be aligned with intercon-
nect lines on the semiconductor wafer.

[0367] In various instances, the method may also include
depositing a first dielectric layer over the channels, cham-
bers, or wells. The method may also include opening holes
or trenches in the first dielectric layer wherein some of the
holes may be aligned to the channels, chambers, or wells,
and some of which may be aligned to the interconnect lines.
The method may also include depositing conductive mate-
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rial on the 1D or 2D material layer, such as in the holes or
trenches so as to create vias that contact the interconnect
lines and/or the channels, chambers or wells. Additionally,
the method may include depositing and patterning a set of
second interconnect lines over the dielectric layer and con-
tacting the vias. In some embodiments, the method may
include depositing a second dielectric layer over the first
dielectric layer and the second interconnect lines. Particu-
larly, the method may also include patterning and opening
holes or trenches in the second dielectric layer to expose
portions of the second interconnect lines to be used as pads.
The method may also include patterning and opening holes
or trenches in the second and first dielectric layers to expose
portions of the channels.

[0368] Hence, in particular embodiments, a method for
forming a semiconductor wafer with transistors on which a
1D or 2D material layer may be deposited is provided. The
method may include providing a semiconductor wafer hav-
ing a substrate and/or insulating layer upon which a 1D and
or 2D material layer is deposited. The method may then
include patterning the 1D or 2D material layer to define 1D
or 2D material channels, chambers, or wells, where the
channels, chambers, or wells may be aligned with intercon-
nect lines on the semiconductor water. The method may also
include depositing an etch stop layer over or within the
channels, chambers, or wells. The method may also include
depositing a first dielectric layer over the etch stop layer,
opening holes or trenches in the first dielectric layer, such as
where some of the holes or trenches are aligned to the
channels, wells, and/or chambers, and some of which are
aligned to the interconnect lines.

[0369] The method may also include depositing conduc-
tive material in the holes or trenches to create vias that
contact the interconnect lines and the channels. In such an
instance, the method may include depositing and patterning
a set of second interconnect lines over the dielectric layer
and contacting the vias. The method also includes depositing
a second dielectric layer over the first dielectric layer and the
second interconnect lines. The method may include pattern-
ing and opening holes or trenches in the second dielectric
layer to expose portions of the second interconnect lines to
be used as pads. The method may additionally include
patterning and opening holes or trenches in the second and
first dielectric layers to expose the etch stop layer over the
channels. The method also includes opening holes or
trenches in the etch stop layer to expose portions of the
channels, chambers, or wells.

[0370] Particularly, another aspect of the present disclo-
sure is a method for forming a semiconductor wafer with
transistors on which is a 2D material layer. The method may
include patterning the 2D material layer to define 2D mate-
rial channels, chambers, or wells, said channels, chambers,
or wells being aligned with interconnect lines on the semi-
conductor wafer. The method also includes depositing an
etch stop layer over the channels and/or depositing a first
dielectric layer over the etch stop layer. Holes or trenches
may be opened in the first dielectric layer and aligned to the
channels, chambers, or wells and/or aligned to the intercon-
nect lines. Conductive material may be deposited in the
holes or trenches so as to create vias that may be configured
to contact the interconnect lines and the channels, chambers,
and/or wells. A set of second interconnect lines may be
deposited and patterned over the dielectric layer so as to
contact the vias. A second dielectric layer may also be
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deposited over the first dielectric layer and/or the second
interconnect lines, and holes or trenches may be patterned to
provide openings in the second dielectric layer so as to
expose portions of the second interconnect lines, which may
be used as pads. In such an instance, the method may also
include patterning and opening holes or trenches in the
second and first dielectric layers using an anisotropic etching
process to expose the etch stop layer over the channels,
wells, or chambers. The method may also include opening
holes or trenches in the etch stop layer to expose portions of
the channels, chambers, or wells.

[0371] In certain instances, a method for forming a semi-
conductor wafer having one or more transistors on which a
1D or 2D material layer ay be deposited, as herein described.
The method may include patterning the 1D or 2D material
layer to define 2D material channels, said channels being
aligned with interconnect lines on the semiconductor wafer.
The method may also include depositing an etch stop layer
over the channels. The method includes depositing a first
dielectric layer over the etch stop layer and/or opening holes
or trenches in the first dielectric layer, where some of which
may be aligned to the channels and some of which may be
aligned to the interconnect lines. In various instances, the
method also includes depositing conductive material in the
holes or trenches to create vias that contact the interconnect
lines and the channels. In such an instance, the method may
include depositing and patterning a set of second intercon-
nect lines over the dielectric layer and contacting the vias. In
certain instances, a second dielectric layer may be deposited
over the first dielectric layer and the second interconnect
lines. In such an instance, the method may include pattern-
ing and opening holes or trenches in the second dielectric
layer to expose portions of the second interconnect lines that
may be used as pads. The method may include patterning
and opening holes or trenches in the second and first
dielectric layers, such as by using an anisotropic etching
process to expose the etch stop layer over the channels.

[0372] Accordingly, in particular instances, the semicon-
ductor structure may include a plurality of 1D or 2D material
channels, chambers, or wells composed of a 1D or 2D
material, an etch stop layer, a plurality interconnect lines on
a semiconductor wafer, a first dielectric layer comprising a
plurality of holes or trenches, a conductive material, a
second plurality of interconnect lines, and a second dielec-
tric layer having a plurality of holes or trenches. And in some
instances, the semiconductor structure comprises a plurality
of 1D or 2D material channels, chambers, or wells com-
posed of a 1D or 2D material, a plurality interconnect lines
on a semiconductor wafer, a first dielectric layer comprising
a plurality of holes or trenches, a conductive material, a
second plurality of interconnect lines, and a second dielec-
tric layer having a plurality of holes or trenches.

[0373] Inview ofthe above, in various embodiments, FIG.
24 provides a flow chart of a general method of forming a
semiconductor wafer with transistors with a 2D material
layer in accordance with the methods set forth above. FIGS.
24 A-24F illustrate the various steps. For instance, an exem-
plary direct transfer mechanism including direct transfer
fusion bonding is provided and shown in FIGS. 25A-25F.
FIGS. 25A-25F visually show the steps of direct bond
transfer via fusion bonding. In FIG. 25A, the 2D material,
such as graphene, is grown on a growth platform composed
of a platinum layer on a growth wafer. In FIG. 25B, a cover
material and CMP or polish surface is deposited on the
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growth platform. In FIG. 25C, the growth platform is
flipped. In FIG. 25D, a ROIC watfer is prepared, the ROIC
wafer and the growth platform is aligned for bonding. In
FIG. 25E, the cover material is bonded to the ROIC wafer
top insulator layer. In FIG. 25F, the growth substrate is
separated from the ROIC wafer, leaving the 2D material on
the ROIC wafer.

[0374] In the direct transfer fusion bonding process, the
2D material, e.g., graphene, may be encapsulated with Si02
and then the growth wafer may be fusion bonded to a CMOS
wafer. Platinum, gold, silver, copper or another suitable
metal may be used for growing the 2D material. A release or
separation mechanism (e.g., bubble process) is used to
separate the 2D material from the platinum or other metal.
The growth wafer may be a silicon, sapphire (Al203), or
other suitable substrate capable of sustaining high tempera-
tures and CTE. Alternatively, a wafer format may be
replaced with a panel or sheet. Various encapsulating mate-
rials may be utilized such as SiO2, Si, Si3N4. The same
process may also be utilized with other materials that can be
bonded such as polymers. Alternative methods for growing
and transferring 2D materials are disclosed in Hoffman et al.,
U.S. Provisional Patent Application No. 62/175,351, filed on
Jun. 14, 2015, for System And Method For Growing And
Transferring Graphene For Use As A FET, which is hereby
incorporated by reference in its entirety.

[0375] FIGS. 26A-26L illustrate a preferred CMOS inte-
gration method for building the interconnects, dielectric and
well structures, as well as the pads for bonding the trans-
ferred 1D or 2D material to the chip. For instance, FIG. 26 A
illustrates a graphene material layer on a ROIC wafer. FIG.
268 illustrates patterning the graphene layer to form a
channel, which may be employed as a chamber or well. FIG.
26C illustrates an etch stop layer deposited over the gra-
phene layer. FIG. 26D illustrates a deposited, patterned, and
etched thick insulator layer over the etch stop layer. FIG.
26K illustrates a wet etched etch stop layer to expose the 1D
or 2D material, and wet etched etch stop layer, patterned and
Deep Reactive lon Etching (DRIE) oxide over the intercon-
nects. FIG. 26F illustrates an optional addition of work
function matching material prior to a via fill. FIG. 26G
illustrates a deposit a barrier, liner, copper plate, chemical
mechanical polishing (CMP). FIG. 26H illustrates a deposit
of'a barrier/adhesion layer, deposit of aluminum, pattern and
etching of the aluminum interconnect and the pad layer. FIG.
26H illustrates a deposit of a barrier, liner, metal (copper)
plate, chemical mechanical polishing (CMP). FIG. 261 illus-
trates a deposit of a barrier/adhesion layer, deposit of alu-
minum, pattern, and etching of the aluminum interconnect
and the pad layer. FIG. 26] illustrates a deposit of SiO2 (e.g.
CVD), CMP, and a pad open etched. FIG. 26K illustrates a
DRIE of the well insulator down to the etch stop layer. FIG.
26L illustrates a wet etch of the thin etch stop layer. FIG.
26M illustrates a wet etch ESL open etch step of a CMOS
integration method.

[0376] FIG. 27 depicts a top-plane view of a geometric
pattern of source 22 and drain 24 electrodes that might be
found at the side 39 and bottom 21 of the well structure 38
shown in cross-section view in FIG. 28. For instance, FIG.
27 depicts the use of alternating vertical metal source and
drain electrode layers, which may be positioned, such as
within a chamber or the bounding member(s) defining the
chamber, so as to create an interdigitated type of effect and
thereby maximize the of ratio channel width to channel
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length, as herein described. Particularly, FIGS. 27 and 28
depict a sensor 1 composed of a substrate material, e.g., 10,
20, and/or 35, and having a chamber 38 formed therein, such
as by etching. The chamber 38 includes a wall 39 and/or a
bottom surface 21 having a plurality of electrodes disposed
therein, such as a source electrode 22 and a drain electrode
24, such as where the electrodes have been configured in an
interdigitated manner. It is to be noted that although a
particular electrode configuration has been depicted, any
suitable configuration can be implemented, such as those
depicted in FIG. 11.

[0377] To demonstrate the desirability of forming 3
dimensional electrode structures on the well surfaces 39
and/or 21, a comparison of the ratio of channel width to
channel length (W/L) can be made of a device that only has
electrodes 22, 24 on the well bottom 21 versus one with
electrodes on the well bottom 21 and well walls 39. For
instance, with respect to the well structure depicted in FIGS.
27 and 28, e.g., with a nominal 1 micron well diameter (at
the well bottom 21), the channel length of channels 26 either
at the well bottom 21 or on the well walls 39 is 100 nm, for
example. For the well bottom 21, the channel 26 width is
given by the formula 2nR (it is the distance of the channel
defined by the gap between the source 22 and drain 24
electrodes. If we assume the radius of the channel 26 is 150
nm, then the channel width is about 945 nm. This results in
a W/L of about 9.45. Further, as depicted in FIGS. 27 and 28,
there are multiple electrode layers, such as in a vertically
stacked configuration that circumscribes and/or surrounds
the well opening 37. In such an instance, the channel length
may be about 100 nm. In this instance the channel width is
contributed by the circular gap between each electrode layer
times the number of such gaps.

[0378] For example, for 6 gaps, where the well diameter is
1000 nm, the channel width due to the sidewall structures is:
W orricar2TIN=6.3x500 nmxnumber of levels=3150
nmx6=18900 nm. Further, if the channel width at the well
bottom is added, a total channel width is 19845 nm and a
W/L of 198. This is more than a 20 times higher W/L than
the case with an electrode structure only on the well bottom.
As described above, the electrode structures 22, 24 on the
well sidewalls 39 and at the well bottom 21 may be covered
by a transistor material, such as depicted in FIG. 29.
Furthermore, an analyte-sensitive layer 34 may be deposited
over the electrodes on the well boundary walls 39 and
bottom 21. Particularly, FIG. 29 depicts a well chamber 38,
wherein the chamber 18 may be configured to include a
transistor material or an analyte-sensitive layer.

[0379] In various instances, the source 22 and drain 24
electrodes can form electrode pairs that are separated one
from the other by a distance such as to from an interdigitated
source 22 and drain 24 electrode pair. As presented in FIG.
30, the source 22 and drain 24 electrode pairs may be
configured so as to form a channel between the two elec-
trodes, such as in the space between the two electrodes. In
such instances, as depicted in FIG. 30, the channel may be
comprised of or otherwise contain a 1D or 2D channel
material, such as a carbon nanotube and/or graphene layer.
Hence, an option for forming one or more channels 26 with
small lengths and high effective widths is to vertically
alternate not only the source 22 and drain 24 electrode
layers, but also the transistor channel material (e.g., 1D or
2D material) layers, as depicted in the well structure cross-
section as shown FIG. 20. In this case, the channel material
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30, e.g., a series of graphene layers, is interspersed between
source 22 and drain 24 electrode layers. Hence, performing
the same calculation as before, but in this case using a
channel length of 0.345 nm (the thickness of a single layer
of graphene is 0.345 nm) results in a W/L ratio of 57,522
which is more than 290 times higher than the previous
calculation and demonstrates the effectiveness of using thin
channel material layers as part of the device structure.
[0380] FIG. 31 depicts one implementation of a process
flow that may be employed to form the source 22 and drain
24 electrode layers as well as the 1D or 2D sensor material
layer 30. For instance, FIG. 31A depicts the bottom 21 of a
substrate or well material that may be configured so as to
include a conductive source 22 and drain 24 electrodes.
These may, for example, be fabricated and/or formed by
various fabrication processes as herein described and/or
known in the art, such as by using a damascene metal
process. The surface of the device may be Chemically
Mechanically Polished (CMP’ed), such as after the conduc-
tive source 22 and drain 24 electrodes are formed in the well
bottom 21. It is to be noted, that FIG. 31A depicts the
conductive source electrode 22 and conductive drain elec-
trode 24 in different layers, and at any given level or layer
of the device, where electrodes are formed, the electrodes
can be formed of the same material during the same process
step or different. For example the source 22 and drain 24
electrodes of FIG. 31A could be comprised primarily of
copper that is deposited by an electroplating process with
both types of electrodes formed in the same process step.
[0381] FIG. 31B depicts a layer of a 1D or 2D channel
material 30 that has been deposited over the electrodes in the
well bottom 21. The channel material 30 may be patterned
so that it just covers all of the underlying conductive
electrode pattern or it may be sized smaller or larger than the
underlying electrode pattern—as long as it overlaps with a
portion of the electrodes.

[0382] The next step, shown in FIG. 31C, is the deposition
of an insulating layer 35 and then the formation of a trench
in that layer.

[0383] FIG. 31D shows the trench being filled by conduc-
tive electrode material.

[0384] During this step vertical electrode connections,
e.g., vias, may be formed outside of the electrode patterns.
Such vias may be stacked layer by layer as the process
progresses allowing the vertical interconnection of source
electrodes 22 on different layers, and allowing the vertical
interconnection of drain electrodes 24 on different layers.
[0385] These process steps may be repeated in FIGS. 31E,
31F and 31G to create vertical layers of alternating source
electrode 22, transistor channel material 30, and drain elec-
trode 24, such as in an interdigitated configuration, as herein
described. Duplicating these steps for further repetitions
allows higher numbers of alternating source electrode 22,
transistor channel material 30, and drain electrode 24 layers
to be formed. When the selected number of layers have been
formed the central portion of the well 38 can be etched (e.g.,
by plasma, RIE, DRIE or a similar process) as shown in FI1G.
31H. This results in the fully formed layer stack depicted in
FIG. 30.

[0386] FIGS. 32A and 32B depict a different embodiment
for forming alternating layers of electrodes 22, 24 and
transistor channel material 30. In this case vias, e.g.,
through-holes, trenches, and/or slots may be formed in the
transistor channel material 30 as shown in FIG. 32B. In a
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subsequent step (not shown in the figures) the formation of
the electrode material over or on the patterned channel
material will also fill these vias. This allows not only a
surface area connection from the electrode to the channel
material but also an edge connection to the channel material
(e.g., in the via the electrode material may contact the edge
of the channel material). In some materials, such as gra-
phene, it is known that edge connections from electrodes to
the graphene channel material may result in lower contact
resistance between the two materials and better transistor
performance.

[0387] Additionally, FIG. 33 depicts an alternate well
structure 1. In this instance grooves or trenches 61 may be
formed in the wall boundaries of the well 39. These grooves
61 can help to align and capture the 1D and/or 2D transistor
channel material—such as carbon nanotubes or silicon
wires. Accordingly, FIG. 33 depicts a well that uses carbon
nanotubes to create interdigitated transistors, such as in a
vertical direction.

[0388] Accordingly, in various aspects of the disclosure, a
chemically-sensitive field effect transistor (FET) having a
multi-layered structure is provided. For instance, the chemi-
cally-sensitive FET may include a first layer such as a
substrate layer. The substrate layer, like all layers disclosed
herein, may have an extended body including a proximal
portion having a proximal end, a distal portion having a
distal end, and a pair of opposed side portions, all of which
together define a circumference for the substrate layer.
Additionally, a second layer, e.g., a first non-conductive
material layer, may be included wherein the first non-
conductive material layer may be an insulating layer and be
positioned above the extended body of the substrate layer. In
various embodiments, a second non-conductive material
layer, which may also be an insulating layer, may also be
included and positioned above the first non-conductive
material layer.

[0389] In various embodiments, one or more conductive
elements (e.g., composed of an electrically conductive mate-
rial), such as one or more electrodes, such as a source
electrode and a drain electrode for a transistor, may be
provided. In various instances, the conductive elements may
be separated one from the other and positioned within one or
more of the non conductive layers so as to from a channel
between the electrodes. In particular embodiments, the
source and drain electrodes may have a planar arrangement
and may be in an opposed configuration to one another,
where one or both of the source and drain electrodes have a
geometrical formation or pattern designed to maximize the
ratio of the channel width to channel length. For instance,
the source and drain electrodes may be configured, e.g.,
within the insulating layer such that the channel length is
less than about 1000 nm, less than about 500 nm, less than
about 100 nm, may be less than about 50 nm, or may be less
than about 10 nm, less than about 5 or 3 nm or less.
[0390] Further, in various embodiments, the chemically-
sensitive field effect transistor (FET) may include a well
structure, provided at least within the first and/or second
non-conductive material layers. In such an instance, the well
structure may include a chamber, such as a chamber that
may be bounded by one or more bounding members. For
instance, the bounding member may be configured as a
plurality of walls or a circular circumferential surface mem-
ber. In particular embodiments, the bounding member(s)
and/or the surrounding insulating layer(s) may be configured
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to include the source and drain electrodes. For example, one
or more, e.g., both of the source and drain electrodes may be
configured so as to be included within a bottom and/or a side
surface on the well bounding member. In such an instance,
the source and drain electrodes may be configured so as to
increase the channel width to length ratio. Particularly, the
source and drain electrodes may have a three-dimensional
(3D) configuration and may be incorporated on or within the
bottom surface member of the chamber and/or be incorpo-
rated within one or more side or circumferential surface
members of the chamber. In such instances, the source and
drain electrodes may be configured so as to increase the
channel width to length ratio by a factor of about 10 or 20
or more, e.g., compared to an electrode pattern only at the
bottom of the well, such as by a factor of 100 or more, such
as a geometric electrode pattern that increases the channel
width to length ratio by a factor of 1000 or more.

[0391] Particularly, in certain embodiments, the source
and drain electrodes may be separated one from the other by
one or more spaces, and thus, may be configured to not only
have a 3D structure but to also be in an opposed but
interdigitated relationship to one another. For instance, one
or more of the source and drain electrodes may be formed so
as to include an impingement member, and one or more of
the source and drain electrodes may be formed so as to
include a receiving member, such as where the impingement
member is configured for being inserted within the receiving
member, and the receiving member is configured for receiv-
ing the impingement member, while maintaining a distance
between one another, such as to form one or more channels
there between.

[0392] Hence, in various instances, the source and drain
electrodes may have one or more, e.g., a plurality of, prongs
or tines so as to give the electrode a fork like configuration,
such as can be seen with respect to FIG. 11, where the tines
are capable of being fit one within the other while main-
taining a space there between. In such instances, the inter-
digitated tines of the source and drain electrodes may be
disposed within one or both of the first and second non-
conductive material layers and be separated from one
another by a distance so as to form the channel. In particular
embodiments, the bounding member(s) of the chamber may
be configured so as to include one or more vias, trenches, or
slots that may be formed in the transistor channel material,
which may then be filled with the electrode material so as to
allow the formed electrodes to not only contact the well
surface, but to also be in contact with the channel and/or a
material layer designed to form or otherwise augment the
channel conductivity. Accordingly, in various embodiments,
a channel material layer may be provided, and the source
and/or drain electrodes may be configured so as to contact
the channel material and/or to also contact an edge of the
channel material.

[0393] Thus, in various embodiments, the chemically sen-
sitive FET may be configured to include a channel, such as
a channel that includes or is otherwise composed of a
transistor channel material, such as is formed over and/or
between the electrodes, e.g., the source and drain electrodes.
For instance, a 1D, 2D, e.g., a graphene layer, and/or 3D
structured layer, may be positioned between the first and
second non-conductive material layers. For example, the
transistor material channel material may be a 1D material
may be comprised of carbon nanotubes or semiconducting
material such as in a nanowire form, such as including Si, Ge
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or a metal oxide. In other instances, the 2D material may be
composed of one or more of graphene, Molybdenum disul-
fide (MoS2), MoSe2, Phosphorene (black phosphorous),
Silicene, Borophene, Tungsten disulfide (WS2), Boron
Nitride, WSe2, Stanene (2D tin), Graphane, Germanane,
Nickel HITP, Mxenes (Ti2C, (Ti0.5,Nb0.5), V2C, Nb2C,
Ti3C2, Ti3CN, Nb4C3, Tad4C3), and/or transition metal
dichalcogenides. The transistor material may be a bulk
transistor material such as Si, amorphous Si, Ge, and/or
metal oxide. In particular instances, the channel transistor
material may be configured so as to extend between a
surface portion of the source electrode and a surface portion
of the drain electrode. In such an instance, positioning of the
transistor channel material between the source and drain
electrodes is designed to form the channel and thereby
control and/or regulate conductivity between the electrodes.
Hence, the FET may include a gate structure.

[0394] In certain instances, as herein disclosed, the FET
may be configured for performing a chemical reaction, such
as for the detection of one or more analytes, such as a
reactant from a chemical reaction. Accordingly, in various
instances, the FET may include an analyte-sensitive layer. In
various embodiments, e.g., to facilitate the performance of a
chemical reaction, the field effect transistor may include a
well structure, within which a chemical reaction may take
place. For instance, one or more of the layers of the FET,
such as the first and/or second insulating layers may include
a chamber, such as a chamber to which the reactants may be
added for the performance of the chemical reaction. In such
an instance, the gate structure of the FET may be formed
within the chamber and over the channel so as to electrically
connect the source and the drain electrodes. Further, one or
more solutions, such as containing one or more reactants
may be added to the chamber thereby forming a solution
gate. In various instances, the gate structure may include the
graphene layer.

[0395] Further, in various embodiments, the chemically-
sensitive field effect transistor and/or the chamber thereof
may be configured such that the electrodes, e.g., the source
and drain electrodes, are positioned on or in the bounding
member of the chamber. For instance, in various instances,
the surfaces or walls of the chamber may include one or
more trenches, wherein the trench includes one or more of
the electrode structures, and/or may include the 1D or 2D
structure, such as the graphene layer. Hence, the electrodes
of the source and drain may be included in a bottom or side
or circumferential surface of the well or trench. In such an
instance, an analyte-sensitive layer may be formed on the
well or trench bottom and/or sidewalls and/or may cover the
electrodes and/or channel material. In some instances, the
1D channel material may be a vertically-oriented 1D chan-
nel material. Consequently, the chamber may be configured
for sensing and/or measuring the analyte such as a reactant
that results from the reaction taking place within the cham-
ber.

[0396] For example, one or more surfaces of the substrate
and/or a well and/or a chamber thereof may be fabricated in
such a manner so as incorporate the electrodes therein.
Particularly, one or more of the electrodes disclosed herein
may be formed by any suitable method, such as by being
lithographically photopatterned, which may utilize a light
source and/or optics that allow patterning of deep trenches
and/or wells. More particularly, in various instances, an
electron beam, laser or plasma beam may be utilized to
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pattern the wells and/or trenches and/or the electrodes. In
various instances, the well structure is comprised of alter-
nating vertical layers of source and drain electrodes, such as
to define the channel width and the channel length. In
particular embodiments, the well structure is comprised of
electrodes on a well bottom and/or in conjunction with
alternating vertical layers of source and drain electrodes so
as to define a channel width and/or channel length. As stated
above, the electrodes may have a transistor channel material
and/or an analyte-sensitive material over and/or between
them, such as in the alternating vertical layer configuration.
In various embodiments, the analyte-sensitive material may
be formed by PVD deposition of a metal and oxidization of
that metal and/or the analyte-sensitive material may be
formed by ALD deposition of a metal oxide, such where the
PVD deposition is a sputter or e-beam deposition, and/or the
oxidation is a thermal or plasma oxidation. In particular
instances, the analyte-sensitive material may be comprised
of multiple layers, which material may be formed by any
process or a combination of processes so as to cover a
bottom and/or side of the well, and in certain instances, the
analyte-sensitive material at the bottom of the well may be
different from the analyte-sensitive layer coating the well or
trench walls.

[0397] Accordingly, in a further aspect of the disclosure, a
method for producing a field effect transistor is provided,
such as a FET that is configured for performing a chemical
reaction and sensing one or more of the products thereof. In
such instances, the FET may include a plurality of elec-
trodes, and in various instances may be in an alternating,
vertical and/or interdigitated layered configuration. In such
an instance, the method may include forming alternating
layers of source electrodes, dielectric material and drain
electrodes, as well as forming a well or trench within a
central portion of the source and drain electrode patterns.
The method may include forming a well or trench in one or
more of the layers of the FET, such as one or more of the
insulating layers, such as in an etching process, such as by
wet etching or plasma etching, or the like.

[0398] Hence, in various instances, the method for pro-
ducing a sensor may include forming alternating and/or
interdigitated layers of source electrodes, dielectric material,
and/or drain electrodes, forming a well or trench within a
central portion of the source and drain electrode patterns,
and/or forming a transistor channel material over or between
the source and drain electrodes, such as where an analyte-
sensitive layer may be formed over the transistor channel
layer. For instance, a first layer of transistor channel material
may be formed over a first electrode layer, a dielectric layer
may be formed over the first electrode layer, a trench may be
patterned in the dielectric layer, a second electrode layer
may then be formed within the trench. In various embodi-
ments, the second electrode layer and dielectric layer may be
planarized, a second layer of transistor channel material may
then be formed over the second electrode and second
dielectric layer and this process may then be repeated so as
to produce the desired number of electrode and channel
layers.

[0399] A useful detailed description is set forth in van
Rooyen et al., U.S. Patent Publication Number 20140371110
for Bioinformatics Systems, Apparatuses, and Methods
Executed On An Integrated Circuit Processing Platform,
which is “hereby incorporated by reference in its entirety.
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[0400] A useful detailed description is set forth in van
Rooyen et al, U.S. Patent Publication Number
20140309944 for Bioinformatics Systems, Apparatuses, and
Methods Executed On An Integrated Circuit Processing
Platform, which is hereby incorporated by reference in its
entirety.

[0401] A useful detailed description is set forth in van
Rooyen et al, U.S. Patent Publication Number
20140236490 for Bioinformatics Systems, Apparatuses, and
Methods Executed On An Integrated Circuit Processing
Platform, which is hereby incorporated by reference in its
entirety.

[0402] A useful detailed description is set forth in van
Rooyen et al, U.S. Patent Publication Number
20140200166 for Bioinformatics Systems, Apparatuses, and
Methods Executed On An Integrated Circuit Processing
Platform, which is hereby incorporated by reference in its
entirety.

[0403] A useful detailed description is set forth in McMil-
len et al., U.S. Provisional Patent Application No. 62/127,
232, filed on Mar. 2, 2015, for Bioinformatics Systems,
Apparatuses, And Methods Executed On An Integrated
Circuit Processing Platform, which is hereby incorporated
by reference in its entirety.

[0404] A useful detailed description is set forth in van
Rooyen et al, U.S. Provisional Patent Application No.
62/119,059, filed on Feb. 20, 2015, for Bioinformatics
Systems, Apparatuses, And Methods Executed On An Inte-
grated Circuit Processing Platform, which is hereby incor-
porated by reference in its entirety.

[0405] A useful detailed description is set forth in van
Rooyen et al, U.S. Provisional Patent Application No.
61/988,128, filed on May 2, 2014, for Bioinformatics Sys-
tems, Apparatuses, And Methods Executed On An Integrated
Circuit Processing Platform, which is hereby incorporated
by reference in its entirety.

[0406] A useful detailed description of a GFET is set forth
in van Rooyen, U.S. Provisional Patent Application No.
62/094,016, filed on Dec. 18, 2014, for Graphene FET
Devices, Systems, And Methods Of Using The Same For
Sequencing Nucleic Acids, which is hereby incorporated by
reference in its entirety.

[0407] A useful detailed description of a GFET is set forth
in Hoffman et al., U.S. Provisional Patent Application No.
62/130,594, filed on Mar. 9, 2015, for Chemically Sensitive
Field Effect Transistor, which is hereby incorporated by
reference in its entirety.

[0408] A useful detailed description of a GFET is set forth
in Hoffman et al., U.S. Provisional Patent Application No.
62/130,598, filed on Mar. 9, 2015, for Method And System
For Analysis Of Biological And Chemical Materials, which
is hereby incorporated by reference in its entirety.

[0409] A useful method for growing and transferring gra-
phene is disclosed in Hoffman et al., U.S. Provisional Patent
Application No. 62/175,351, filed on Jun. 14, 2015, for a
System And Method For Growing And Transferring Gra-
phene For Use As A FET, which is hereby incorporated by
reference in its entirety.

[0410] A use for two dimensional materials is disclosed in
Hoffman et al., U.S. Provisional Patent Application No.
62/175,384, filed on Jun. 14, 2015, for a CMOS Integration
Of A Two-Dimensional Material, which is hereby incorpo-
rated by reference in its entirety.
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[0411] The following U.S. Patent applications discuss the
processing component of the a system for analysis of
biological and chemical materials: U.S. patent application
Ser. No. 14/279,063, titled, Bioinformatics Systems, Appa-
ratuses, and Methods Executed on an Integrated Circuit
Processing Platform, filed May 15, 2014; U.S. patent appli-
cation Ser. No. 14/180,248, titled Bioinformatics Systems,
Apparatuses, and Methods Executed on an Integrated Cir-
cuit Processing Platform, filed Feb. 13, 2014; U.S. patent
application Ser. No. 14/179,513, titled Bioinformatics Sys-
tems, Apparatuses, and Methods Executed on an Integrated
Circuit Processing Platform, filed Feb. 12, 2014; U.S. patent
application Ser. No. 14/158,758, titled Bioinformatics Sys-
tems, Apparatuses, and Methods Executed on an Integrated
Circuit Processing Platform, filed Jan. 17, 2014; U.S. patent
application Ser. No. 14/279,063; U.S. Provisional Applica-
tion No. 61/826,381, titled System and Method for Compu-
tation Geneomic Pipeline, filed May 22, 2013; U.S. Provi-
sional Application No. 61/943,870, titled Dynamic Genome
Reference Generation For Improved NGS Accuracy And
Reproducibility, filed Feb. 24, 2014; all of which are hereby
incorporated by reference in their entireties herein.

[0412] From the foregoing it is believed that those skilled
in the pertinent art will recognize the meritorious advance-
ment of this invention and will readily understand that while
the present invention has been described in association with
a preferred embodiment thereof, and other embodiments
illustrated in the accompanying drawings, numerous
changes modification and substitutions of equivalents may
be made therein without departing from the spirit and scope
of this invention which is intended to be unlimited by the
foregoing except as may appear in the following appended
claim. Therefore, the embodiments of the invention in which
an exclusive property or privilege is claimed are defined in
the following appended claims.

We claim:

1. A method of forming an integrated circuit for use in
performing a nucleic acid sequencing reaction, the method
comprising:

providing a semi-conducting substrate comprising a plu-
rality of extended planar surfaces offset from one
another by a first thickness, being defined by a plurality
of side members, and having one or more transistor
elements positioned between the plurality of surfaces;

depositing a first insulating dielectric layer onto a top of
the planar surfaces of the substrate, and extending
across each planar surface from one side member to
another side member;

forming a plurality of trenches in the first insulating
dielectric layer, each trench offset from the other by a
distance, the distance forming a channel region;

depositing a first layer of conductive material into each of
the trenches to form a plurality of electrodes therein, a
first electrode serving as a source electrode, and a
second electrode serving as a drain electrode, the
source and drain electrodes in contact with the one or
more transistor elements;

conditioning the first insulating dielectric layer in a man-
ner so that a side and top surface of each of the plurality
of electrodes extends above a surface of the first
insulating dielectric layer; and
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depositing a 2D material layer onto the side and top
surface of each of the plurality of electrodes and across
the channel region to thereby form a channel between
the electrodes.

2. The method according to claim 1, wherein the 2D
material comprises a material selected from the group con-
sisting of: Graphene; Molybdenum disulfide (MoS,); Phos-
phorene (black phosphorous); Silicene, Borophene, Tung-
sten disulfide (WS,); Boron Nitride; WSe,; Stanene (2D
tin); Graphane; Germanane; Nickel HITP; and Mxenes
(Ti2C, [Ti0.5,Nb0.5], V2C, Nb2C, Ti3C2, Ti3CN, Nb4C3,
Ta4C3).

3. The method according to claim 1, wherein the step of
conditioning the first insulating dielectric layer is accom-
plished by etching.

4. The method according to claim 3, wherein the step of
etching the first insulating dielectric layer is accomplished
by one or more of dry etching and wet etching.

5. The method according to claim 1, wherein the step of
conditioning the first insulating dielectric layer further com-
prises depositing a second layer of conductive material on
each of the plurality of electrodes so that each of the
plurality of electrodes extends further above the surface of
the insulating dielectric layer.

6. The method according to claim 1, further comprising
forming an opening in the 2D material layer proximate each
electrode so as to expose the top surface of each electrode.

7. The method according to claim 6 wherein the forming
of the opening in the 2D material layer proximate each
electrode is accomplished using a photoresist and etching
process.

8. The method according to claim 7, further comprising
depositing a second layer of conductive material over each
opening of the 2D material layer so that the second layer of
conductive material contacts the first conductive material,
fills the opening, and further extends above the 2D material
layer so as to contact a side and top surface of the 2D
material layer.

9. The method according to claim 1, further comprising
patterning the 2D material layer.

10. The method according to claim 9, further comprising
depositing a second insulating material layer over the pat-
terned 2D material layer and patterning the second insulat-
ing material to form a well having a bottom surface proxi-
mate the channel region.

11. A method of forming an integrated circuit for use in
performing a nucleic acid sequencing reaction, the method
comprising:

providing a semi-conducting substrate comprising a plu-

rality of extended planar surfaces offset from one
another by a first thickness, being surrounded by a
plurality of side members, and having one or more
transistor elements positioned between the plurality of
surfaces;

providing a first insulating dielectric layer on top of the

planar surfaces of the substrate, and extending across
each planar surface from one side member to another
side member;

forming a plurality of trenches in the first insulating

dielectric layer, each trench offset from the other by a
distance, the distance forming a channel region;
depositing a first layer of conductive material into each of
the trenches to form a plurality of electrodes therein, a
first electrode serving as a source electrode, and a
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second electrode serving as a drain electrode, the
source and drain electrodes in contact with the one or
more transistor elements;

depositing a 2D material layer onto the side and top

surface of each of the plurality of electrodes and across
the channel region to thereby form a channel between
the electrodes;

forming an opening in the 2D material proximate each

electrode so as to expose at least the top surface of each
electrode; and

depositing a second layer of conductive material over

each opening of the 2D material layer so that the second
layer of conductive material contacts at least the top
surface of the electrode, fills the opening, and further
extends above the 2D material layer so as to contact a
side and top surface of the 2D material layer.

12. The method according to claim 11, further comprising
conditioning the first insulating dielectric layer in a manner
so that a surface of each of the plurality of electrodes extends
above a surface of the first insulating dielectric layer.

13. The method according to claim 12, further comprising
patterning the 2D material layer.

14. The method according to claim 13, further comprising
depositing a second insulating material layer over the 2D
material layer and patterning the second insulating material
to form a well having a bottom surface proximate the
channel region.

15. The method according to claim 14, wherein the 2D
material comprises a material selected from the group con-
sisting of: graphene; Molybdenum disulfide (MoS,); Phos-
phorene (black phosphorous); Silicene, Borophene, Tung-
sten disulfide (WS,); Boron Nitride; WSe,; Stanene (2D
tin); Graphane; Germanane; Nickel HITP; and Mxenes
(Ti2C, [Ti0.5,Nb0.5], V2C, Nb2C, Ti3C2, Ti3CN, Nb4C3,
Ta4C3).

16. A method for securing an electrode to a 2D material
layer, the method comprising:

providing a semi-conducting substrate, the substrate hav-

ing a planar surface;

providing a first insulating dielectric layer onto the top
planar surface of the substrate, the first insulating dielectric
layer having a top surface;

preparing a plurality of electrodes within the first insulating
dielectric layer, each of the plurality of electrodes having a
dimension even with or projecting above the top surface of
the first insulating dielectric surface;

depositing a 2D material layer on the plurality of elec-

trodes to form a contact between the electrodes and the
2D material layer; and

patterning the 2D material layer to form at least one

channel contacting an electrode on each of the ends of
the channel.

17. The method according to claim 16, wherein the
plurality of electrodes comprise a first electrode serving as
a source electrode, and a second electrode serving as a drain
electrode.

18. The method according to claim 17, wherein the
semi-conducting substrate comprises one or more transistor
elements, the one or more transistor elements being in
contact with the source and drain electrodes.

19. The method according to claim 18, wherein the 2D
material is patterned using one or more of a photoresist and
an etching process.
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20. The method according to claim 17, wherein the 2D
material is composed of one of graphene, Molybdenum
disulfide (MoS,), Phosphorene (black phosphorous), Sili-
cene, Borophene, Tungsten disulfide (WS,), Boron Nitride,
WSe,, Stanene (2D tin), Graphane, Germanane, Nickel
HITP, or Mxenes (Ti2C, (Ti0.5,Nb0.5), V2C, Nb2C, Ti3C2,
Ti3CN, Nb4C3,Ta4C3).

#* #* #* #* #*
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